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Introduction 


This book is concerned with perceptual-motor skill. As Welford 
(1958) has pointed out, psychologists use the word skill in a 
broader sense than do trade unionists or sportsmen. Man’s 
everyday activities demand the exercise of countless perceptual— 
motor skills — many of which go totally unremarked. The simple 
acts of walking, picking up a cup or articulating words are all 
skills. They require the co-ordinated integration of sensory in- 
formation and muscular responses to attain some specifiable 
goal. More complex skills such as driving a car or operating a 
lathe make similar but greater demands on man’s central nervous 
system. 

It might be thought that the ubiquitous role of perceptual- 
motor skills in behaviour would have put the analysis of skill 
high on the list of priorities for research. In fact studies of think- 
ing, learning, perception and individual differences have taken 
precedence in research effort. This picture was radically altered 
by the Second World War when practical considerations focused 
attention on man’s capacities and limitations, particularly in 
relation to his role as an operator of complex machinery. Per- 
haps the earlier lack of interest was due to the fact that there is 
seldom an informative verbal correlate of skilled performance. 
Few can say much about how they perform a skill, and what 
they do say may have only passing relevance to the actual opera- 
tion of the mechanisms underlying the skill. 

With the notable exceptions of Woodworth’s (1899) thesis on 
the control of voluntary movement and Bryan and Harter’s 
(1899) classic paper on the acquisition of skill by morse’ code 
telegraphists, nearly all the work on skill before 1939 was domi- 
nated by the S-R theory of learning as proposed by Thorndike 
(1913, 1932) and Hull (1943, 1952). The acquisition of skill was 
described simply as the formation of a stimulus-response chain 
Similar to the making of connexions through a telephone ex- 
change. This view was challenged by Tolman (1932) who pro- 
posed that behaviour was governed by goals in an apparently | 
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teleological manner rather than pushed from behind by states of 
deprivation. The inadequacy of the Hullian (S-R) approach to 
Skill was exposed by Lashley (1951) and as skills research 
gathered momentum a new basis for analysis emerged. 

The new approach placed great weight on the concept of feed- 
back; a concept borrowed from control engineering (Wiener, 
1948). The term feedback denotes information about the output 
of a system which is fed back into the System. In a sense, feedback 
tells a mechanism what it is doing. Feedback can provide the 
basis for a self-adjusting system which maintains its output in 
dynamic equilibrium. A primitive device dependent upon nega- 
tive feedback is exemplified by the governor on a steam engine, 
or by a thermostat. The flexible nature of skilled behaviour, 
described by Bartlett (1947), demanded a more dynamic system 
than Hull's theory envisaged, A System that is sensitive to its 
own product — that is, one with feedback — has the necessary 
degree of flexibility and furthermore appears to act in a teleo- 
logical manner. Many of the ideas that have advanced our 
understanding of skill in the last twenty years may be traced back 
to engineering and computer technology, 

When performing a skill man fills the role of an information 
processing device. To function effectively he must register and 
interpret information, and compute and execute responses in 
accord with some strategy or programme which guides him 
towards success. This aspect of man's behaviour may be 
mimicked by a model drawn from control engineering. Man is 
more flexible than even the most sophisticated machines and 
appears to have the capacity to acquire an almost unlimited 
variety of guiding programmes. However, the machine analogy 
is a fruitful one because it Provides an opportunity to apply 
the methods of assessment of inanimate information pro- 
cessing devices to the analysis of mechanisms underlying 
behaviour. 

A successful model of perceptual-motor behaviour would be 
most unlikely to emerge without consideration of the physiology 
and structure of man. In this field of research there is a reciprocal 
interaction between the psychologist, engineer and physiologist. 
The ideas of the one help to direct the thoughts of the others, and 
vice versa. One example of this interaction may be found in the 
10 
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analysis of the role of proprioception in the performance of 
perceptual-motor skills. Proprioception provides information 
about the state of one’s muscles and joints without looking at 
them. 

Initially emphasized by Sherrington (1906) as an essential 
component of the integration of motor behaviour at spinal level, 
the role played by proprioception in the control of skilled move- 
ments has been increasingly recognized (Bahrick, 1957; Fitts, 
1951; Gibbs, 1954; Legge, 1965). The use of proprioceptive 
information has the great advantage of freeing vision for moni- 
toring more distant events. However, although considerable 
strides have been made towards understanding the physiology 
of skill at a peripheral level, the central control mechanisms 
remain obscure. It is here that engineering models are again 
valuable since they suggest particular kinds of organization for 
the psychologist and physiologist to try to identify. 

An engineering model of the mechanisms underlying skill is 
inevitably inadequate not only because it fails to describe the 
organic structure of the mechanisms but also because it omits 
certain essential variables. The human operator's performance is 
affected by emotion and stress and in addition there are large 
individual differences both in performance under optimal con- 
ditions and in response to stress. The concept of level of arousal 
has been a fruitful one in providing a description of these 
phenomena. The relation between performance and arousal is a 
complex one — such that as arousal increases performance 
initially improves and then later deteriorates. In addition, the 
general level of arousal varies from task to task, a lower level 
being optimal for more complex tasks (Colquhoun and Corcoran, 
1964; Hebb, 1955; Malmo, 1959). Furthermore this theory also 
provides a plausible account of some aspects of individual 
differences in skill and response to stress (Broadbent, 1963; 
Corcoran, 1965). 

The articles in this book illustrate the kind of research and 
conceptual analysis that have been used in the analysis of per- 
ceptual-motor skill. Areas of research which fall outside the 
definition of perceptual-motor skill have been omitted. How- 
ever, references to work on vigilance, two-channel listening, 
complex sensory detection and the design of displays and controls 
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are included in the Further Reading list which will be useful in 
directing the reader to a fuller study of the literature. 

In order to provide a methodological background to reported 
results experimental papers have generally been included in full. 
There are one or two exceptions to this principle where certain 
passages containing technical detail have been omitted in order 
to save space. 

This book of readings has been divided, perhaps somewhat 
arbitrarily, into seven parts. Part One is basically introductory 
and describes some of the approaches that have been adopted to 
the problem of analysing perceptual-motor skill, 

Part Two contains four articles about laboratory investiga- 
tions of particular components of skill. A great deal of the work 
on reaction time, the control of movements and continuous 
tracking has been developed on the basis of the theoretical 
Structure provided by the statistical theory of information (Shan- 
non and Weaver, 1949). In these papers are examples of how 
information theory can provide a valuable index of performance 
and a means of assessing the capacity of a particular man- 
machine system. The tasks used in many of these experiments 
appear to be very simple and to bear little resemblance to the 
everyday situations in which skills are manifested, but they repre- 
sent attempts to capture in the laboratory essential components 
of more complex skills, 

Part Three contains three articles concerning the fundamental 
nature of movement and response modulation. Two important 
concepts that are developed in this section are those of ‘ballistic’ 
movements and the intermittent character of the central response 
computing mechanism. These three papers provide a historical 
context for more recent developments in this field which may be 


followed up in the list of suggestions for further reading. The 
basic model implied by these analyses is a cybernetic one but 


clearly, as Craik (1947) stressed, there are critical differences 
between the ideal system bor; 


towed from engineering and the 
human operator. 

The role of proprioception in perceptual-motor skill is de- 
veloped in Part Four. The plight of patients with reduced 
or absent proprioceptive feedback from their limbs illustrates 
the importance of this sense for motor control (Gibbs, 1954; 
12 
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Wiener, 1948). However, the precise way in which propriocep- 
tion contributes to skill is still to be determined. Evidence points 
to an increasing dependence upon proprioception as a skill 
improves (Fitts, 1951; Fleishman and Rich, 1963) and decreasing 
trust in proprioception with increasing age (Welford, 1958). 
Logically, proprioception can provide some information that 
might otherwise demand the use of vision and thus to some extent 
reliance on proprioception reduces the visual load. However, 
evidence indicates that this load-shedding function introduces 
other difficulties. Proprioception is basically less precise than 
vision and, in addition, direct integration of visual and pro- 
prioceptive spatial information seems to be impossible (Legge, 
1965). Proprioception may also be valuable in other ways. 
Notterman and Page (1962) have examined the effects of with- 
drawing augmented proprioceptive feedback from the controls 
of a complex tracking task while maintaining a complex relation 
between the controls and the visual display. They show how pro- 
prioception provides important intermediate information to the 
subject which tells him what kinds of response he has made 
before the delayed change to the visual display has occurred. 
Removing this information markedly impaired performance, 
Proprioception may also help the temporal co-ordination of 
responses (Adams and Creamer, 1963). It has been suggested that 
if the speed of proprioceptive feedback is altered then motor 
performance will be upset. Dinnerstein, Frigyesi and Lowenthal 
(1962) have developed an explanation of Parkinsonian tremor on 
the basis of a reduction in the velocity of proprioceptive feed- 
back. í 
In Part Five there are three articles describing models of the 
mechanisms underlying perceptual-motor skill. There is a con- 
tinuing trend for models of this kind to include both physio- 
logical and engineering concepts. Some models emphasize the 
physiological components, others the engineering components. 
Engineering models tend to be expressed in the form of flow 
diagrams often with a mathematical specification of the function- 
ing of the system, and the complexity of these models depends 
upon the kind of skill being modelled. Physiological models are 
often basically cybernetic models with an explicit attempt to 
specify the anatomical and physiological identity of the 
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constituents of the cybernetic model. Ultimately a physiologically 
valid description will be required, but at present it is often more 
fruitful to approach that goal via the intermediate description 
provided by the language of cybernetics and information theory 

Part Six contains four papers on the acquisition of skill. This 
topic was one of the earliest to be submitted to experimental 
study, and Bryan and Harter’s (1899) paper influenced a great 
deal of later work. They believed that as a man’s skill at a task 
improved, it passed through a number of stages characterized 
by increasing size of the units of organization of the skill. Their 
evidence implied that improvement was not continuous, but 
proceeded in discrete steps. Each new improvement was fol- 
lowed by a plateau, perhaps allowing consolidation at that level. 
Then before the next upward surge in performance there was a 
decrement that could indicate a reorganization of the underlying 
mechanisms in a potentially more efficient way, but which 
temporarily was less effective than the previous kind of organiza- 
tion. Taylor (1943), however, has questioned the generality of 
plateau phenomena and Crossman (1959) has collated evidence 
showing continuous improvement for a large number of tasks, 
and has presented a theory to describe the relationship between 
performance and degree of practice. 

Part Seven is devoted to the breakdown of skill. There are two 
main reasons for studying decrements in skill. First, it may be 
important to establish the variety of conditions under which a 
skill can be performed and this necessitates altering the condi- 
tions until the skill shows a decrement. Secondly, by studying 
the way a skill deteriorates, clues may be obtained showing how 
it is organized during performance under optimal conditions. 
Frequently experiments are performed with both aims in view. 
Some experiments have been carried out in which the essential 
question was to discover the relation between two or more 
underlying processes. Legge (1965, 1966) has adopted this 
approach using nitrous oxide and alcohol, two central nervous 
depressant drugs, to impair performance. The relative effects of 
these drugs on different tasks reflect the nature of the underlying 
processes, In one such experiment (Legge, 1966) alcohol and 
fatigue (produced by continuous performance) were both shown 
to affect handwriting (a well-practised skill). Handwriting 
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increased in size. However, the effects of depressant drugs on 
handwriting can most parsimoniously be accounted for in terms 
of an effect on perception. Depending upon the way fatigue 
acts, different patterns of effects of the two variables applied 
jointly would be predicted. The data showed them to be inde- 
pendent. The drugs decrease the efficiency of the proprioceptive 
monitoring system demanding an increase in size to compensate 
for this effect. Fatigue affects responses, making them less dis- 
criminable, and this too may be compensated for by an increase 
in size. This experiment therefore established that depressant 
drugs and fatigue produce the same observable effect, but act in 
different ways. It also confirmed that in this kind of skill psycho- 
logically meaningful responses (e.g. letters) are more or less 
continuously monitored by proprioception. 

This book presents a number of articles illustrating particular 
ideas about perceptual-motor skills. It is hoped that the reader 
will obtain the flavour of research into this field of psychology 
and, perhaps, develop a taste for reading more. 


-This book of readings was initiated by Professor G. C. Drew, 
University College, London. It was a great privilege for me to be 
asked to edit this selection and I have been most fortunate to 
have had Professor Drew’s advice, support and encouragement 
throughout. I would like to thank Miss G. R. Hardy for her 
help with the collection of copy. 1 am indebted to Miss J. E. 
Stockdale who assisted with the final preparation of the book 
for publication. 
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Part One The Nature and Assessment of Skill 


The layman tends to reserve the term skill for performance that 
demands respect and is frequently only attained after a long 
period of practice. The psychologist uses the word in a wider 
sense. Welford (Reading 1) discusses the psychological usage of 
the word skill and stresses the flexible nature of the 
mechanisms underlying behaviour. In so doing, he describes a 
basic model of the underlying processes. The modern views 
about these processes owe much to the radical views advanced 
by Lashley (Reading 2) who was instrumental in breaking the 
research traditions based upon classical S-R chain theories of 
behaviour, 

Two very different approaches to the analysis and assessment 
of skill are represented by Fleishman (Reading 3) and Fitts and 
Posner (Reading 4). Using factor analysis Fleishman shows a 
way of determining the basic units of skill, while Fitts and 
Posner show how information theory provides a means of 
quantifying skilled behaviour. 


19 


9 A Гага SEM ету тыы I 
oe ОУ 
ace pem IM 


a. Wie. Au 
1 A. T. Welford 


On the Nature of Skill 


Excerpt from chapter 2 of A. T. Welford, Ageing am an Skill, Oxford 
University Press for the Nuffield Foundation, 1958, pp. 17-27. 


The term ‘skill’ is used somewhat differently in industry and in 
psychology. In the former a man is regarded as skilled when he is 
qualified to carry out trade or craft work involving knowledge, 
judgement, accuracy and manual deftness usually acquired as the 
result ofa long training, whereas an unskilled man is not expected 
to do anything which cannot be learnt in a relatively short time. 
Semi-skilled jobs are regarded as intermediate, involving the 
characteristics of skilled work but to an extent which demands a 
training extending over weeks or months rather than years. The 
fundamental questions of interest to those concerned with 
industry are: ‘What characteristics in a job will make it easy or 
difficult for any given man to learn it?’ and ‘Which jobs will 
require a man who has been through an apprenticeship and 
which will require a shorter training?’ In other words, one asks 
what is it that differentiates between work which makes greater 
and lesser demands for training. The picture is not, of course, 
in practice quite as simple as this. Industrial organizations show, 
as do all social institutions, a degree of inertia so that in the 
course of time jobs may change in character but not in grading,z 
as regards skill. In these cases, the skill-demands of a job may 
largely a matter of its history. Again, classification in terms/of" 
training is clearly too narrow, as some recent attempts to zi g0 
skill-rating to responsibility have recognized. 

A psychologist’s approach is to ask the question: ‘Wher We 
look at a man working, by what criteria in his performance dang, 
we tell whether he is skilled and competent or clumsy LN 
ignorant?’ In other words, he asks: ‘How is complex perform- ^ 
ance organized and what is it that differentiates between more and 

adgs trained or ra ¥ > The psychological concept of skill 


21 


The Nature and Assessment of Skill 


is thus wider than the industrial in two ways. Firstly, skill in the 
psychological sense can exist in the performance of many jobs 
which in industry would be graded as semi-skilled or unskilled. 
Secondly, and more important, the psychological use of the term 
covers so-called ‘mental’ operations as well as manual. Indeed, 
from the psychological standpoint, the distinction between manual 
and mental skill is difficult to maintain in any absolute sense. 
All skilled performance is mental in the sense that knowledge and 
judgement are required, and all skills involve some kind of co- 
ordinated overt activity by hands, organs of speech or other 
effectors. In manual skills the overt actions clearly form an 
essential part of the activity and without them the purpose of the 
skill as a whole would disappear. In mental skills the overt 
actions play a more incidental part, serving rather to give ex- 
pression to a skill than forming an essential part of it. They thus 
may be varied within fairly wide limits without destroying the 
nature of the underlying skill. 

In spite of these differences all skills, industrial and psycho- 
logical, motor and mental, appear to possess three character- 


istics! which provide us with a convenient framework for 
discussion: 


1. They consist essentially of the 
co-ordinated activity in relation t 
thus involve the whole chain 
mechanisms which underlie per 


building of an organized and 
o an object or a situation and 
Of sensory, central and motor 
formance. 


2. They are learnt in that the understanding of the object or 


situation and the form of the action are built up gradually in the 
course of repeated experience, 


3. They are serial in the sense that within the over- 
the skill many different processes or actions are ori 
ordinated in a temporal Sequence, 


all pattern of 
dered and co- 


Within any skilled performance these characteristics are closely 
bound together, and in order to gain an adequate view of the 


nature of skill all must be considered, 


1, Discussions of parts 2 and 3 are not included in this excerpt. 
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The Receptor-Effector Aspect of Skill 


We may think of the chain of processes which leads from stimu- 
lation falling on the sense organs to the resulting behaviour as 
being in three parts. First, there are what may be called receptor 
processes which have to do with the reception of the incoming 
signals by the sense organs and their interpretation. At the 
opposite end of the chain are what may be called effector pro- 
cesses which shape and carry out the resulting action. Between 
these there occur what may be termed translation processes which 
relate perception to action. It is not always easy to decide in a 
particular case where the line should be drawn between receptor 
and translation processes or between translation and effector, 
but many cases seem clear enough to show that the distinction 
ought to be made. 
We shall consider these three types of processes in turn. 


The receptor side 


Skilled performance would seem in the first instance to depend 
upon two important principles of what may be broadly termed 
perception: first, that perception is essentially an organizing 
process, and second that in this process past actions and experi- 
ence play a leading role. 


Organization in perception. Between the receipt of stimuli by the 
sense organs and the attainment of meaningful perception it 
seems that a chain of processes occur which are of considerable 
complexity, although often they take place so quickly that they 
are quite unconscious and perception appears to be ‘immediate’. 
The broad fact that these are organizing processes is obvious 
enough. For instance, in visual perception the incoming data 
from the eyes are integrated, grouped and ordered so that 
normally we see not just a mosaic of more and less stimulated 
points, but coherent objects which have form and structure. It is 
also obvious that normally we do not perceive with only one sense 
at a time, but that data from different senses are organized to- 
gether, and that the resulting perception, although it is pre- 
dominantly, say, visual or auditory, has been partly shaped by 
stimuli coming through other sensory channels, A well-known 
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example is the fact that it seems easier to hear what a man is 
saying if we can also see him speaking. 

The process of grouping and organizing may be thought of as 
consisting essentially of the abstraction of constants from the total 
mass of data presented in space and over time, together with the 
selection of some data as dominant and important while the rest 
are relegated to the background and more or less neglected. This 
process makes perception substantially independent of the pre- 
cise details of stimulation — words are, in an important sense, the 
same whether written, printed or spoken. Data thus organized 
are no longer treated as complexes compounded out of a multi- 
tude of separate elements, but as single units. The perceived 
wholes are thus in a very real sense ‘simpler’ than the stimuli 
giving rise to them. Psychological simplicity is, in fact, not the 
same thing as objective simplicity, but is essentially dependent 
upon the degree to which the data can be organized into larger 
units of this kind, 

It appears that such a treatment of the data is by no means the 
end of the perceptual process but that it is often — probably 
typically — followed by one or more of three further types of 


à unitary whole which has been 
to parts, as when we examine an 
5, although it involves breaking up 
is not simply the reverse of the unify- 
rts is itself a unified whole and each is 
ing within the framework of the larger 
has been analysed. Secondly, certain 


c may be further abstracted and become 
perceptual units on their own: for instance, when reading a 
passage of prose we may becom: 

Thirdly, a number of 


on. 


Although perceptual units built up in these Ways may appear in 
consciousness as being present *all at once ’, they often result from 
the integration of data which are not all present at the same 
instant, but which extend over a considerable period of time. 
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When reading, for instance, the material organized into a para- 
graph has taken an appreciable time to observe. In perceiving 
an object which is too large to observe at a single glance, we are 
putting together data from many individual glances which may 
have taken place over several seconds or even minutes. Some 
perceptual units, such as musical themes or visually seen move- 
ment, have indeed an essentially temporal character, the per- 
ceived wholes being by their very nature configurations in which 
time is a necessary dimension. 

The number of stages passed through on the way to full mean- 
ingful perception probably tends to vary somewhat between 
individuals and within the same individual according to circum- 
stances. The same is true of the time taken: often they occur, as 
we have already said, very rapidly; often, however, they take a 
considerable time, so that it is impossible to draw a hard and 
fast line between perception and thinking. 

Whether rapid or slow, perception seems to involve mental 
activity and effort by the observer, so that the attainment of mean- 
ingful perception is not a mere process of ‘registration’, but is 
essentially a kind of response to the material presented. We may 
conveniently call this a perceptual response to distinguish it from 
the overt action which may be taken in dealing with the presented 
material once it has been perceived. 


The role of past experience. Some of this organization is doubtless 
the result of the hereditary constitution of the organism. Cer- 
tainly hereditary constitution sets some /imits to the organiza- 
tion which takes place in the sense that we cannot do what we 
have no inherited potentiality for doing. But it is clear that for 
almost all important purposes organization at each stage of the 
perceptual process represents the application to the incoming 
sense data of material brought by the observer to the present 
situation from the past. In precisely what form this ‘past’ is 
available for use in the present is not known, but a number of 
important principles of the manner in which it is used are known 
with fair certainty. This fitting of terms from past experience to 
incoming data is part of the process of giving them ‘meaning’. 
The word is confusing, however, because it is used to cover three 
rather different types of process, namely identification, setting ina 
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context and significance for ensuing action. It is the first two that 
concern us here, the last belonging more properly to a discussion 
of the translation process. 

As regards identification, perception is, as we have seen, 
essentially an integrative process if it is considered in terms of 
incoming data, but in terms of the results achieved it is a matter 
of discriminating or differentiating one object from another, of 
recognizing similarities and differences. The process of identi- 
fication involves placing the object presented to our senses in 
one of a number of categories provided by our past experience. 
The categories may be broad and general or narrow and precise 
and it would seem that the amount of data required and of 
‘perceptual work’ increases as the categories become more 
specific. Thus when crossing a road, the identification of an on- 
coming vehicle as a car rather than a lorry, omnibus, etc., is 
easier and quicker than if we have to specify the make, colour, 
style and other details of the car. 

The progressive, hierarchical nature of the classification by 
which objects are identified in perception is shown by the fact 
that often an object is specified as belonging to a particular 
major class with some extra detail which enables it to be placed 
in a subclass. For example, we may say a vehicle is an omnibus 
painted red. The classes and subclasses appear to behave as 
unitary ‘codes’ applied to incoming material in such a way that 
it is invested with all the characteristics normally associated 
with the class or subclass concerned, In this way a great deal of 
‘perceived’ detail is not really perceived but inferred, in the sense 
not only that some detail not actually present is believed to be so, 
but also that some detail in fact present is not Observed. Usually, 
although not always, the inference is either correct or not in 
serious error, and this fact results in a substantial economy of 
effort in perception. The concept of *economy of effort’ or 
‘economy of specification’ appears to be of widespread applica- 
tion to perception and to hold out important possibilities of 
quantitative treatment (Attneave, 1954; Hochberg and McAlister, 
1953). 

While identification may be thought of as the aligning of 
present data with past experience similar to them, placing 
presently perceived objects into a context or ‘framework’ involves 


26 


A. T. Welford 


setting them in relation to other things very unlike themselves. 
This framework or setting is both spatial and temporal, so that 
an object is perceived as located in space, for example in a room 
or in relation to other objects such as the controls of a machine; 
and events are perceived as localized in time, and series of events 
can be perceived as forming sequences and rhythms. Some kind 
of simultaneous spatial and temporal reference enables move- 
ment and causal relationships to be perceived. 

The relating of data to past material does not always take place 
after the data have been received: some of the perceptual ‘work’ 
involved is often, indeed usually, done beforehand and this en- 
ables identification to be made more easily and quickly when the 
data actually arrive. It seems that this can be done in one of three 
ways. Firstly, we may know definitely that certain major cate- 
gories of possible identifications are excluded. Thus, we find it 
easier to identify a series of pictures if we know in advance that 
they will all be of, say, animals than if they may also include 
buildings, scenery and various other types of object. We shall 
even find it easier if we know that most of the pictures will be- 
long to a particular category so that there is a bias in favour of 
one category as opposed to others. Secondly, terms from past 
experience having an essentially sequential character will imply 
future events as soon as the initial member of the sequence is 
identified. Thus, for instance, having identified a tune by the 
first few bars, we are expecting the remainder. Thirdly, we seem 
able to use the various present data and material from past 
experience to, as it were, ‘compute’ predictions of future events 
and by doing so we are able to expect sequences we have never 
experienced before. 

Tt would seem that in everyday perception we unconsciously 
use these various methods to build up a kind of running hypo- 
thesis constantly predicting a little ahead of events. The accuracy 
attained is usually sufficient to effect a very considerable saving 
of time in dealing with moment-to-moment events, and indeed 
renders us unaware of most of them, leaving only the rare, un- 
expected events to engage our conscious attention. This constant 
prediction enables action to be taken which has reference not to 
the state of affairs immediately present, but to a state that is 
expected to exist in the future, as for instance when, in driving a 
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car, adjustments of the controls are made not to the present 
Positions of vehicles on the road, but to the positions they will 
occupy a few seconds hence. 

The result of this continual short-term prediction is that when 
incoming data are familiar they are identified and fitted into con- 
text immediately and without any intervention of consciousness. 
When, however, data are novel or unexpected, there seems to be 
an active search for terms of past experience which are ‘fitting’ 
or ‘appropriate’, and there may be use of images, searching for 
analogies, and a considerable amount of trial and rejection 
before satisfaction is reached. 

Each new perceptual response leaves the observer different from 
what he was before, so that the ‘past’ which he brings to deal with 
any new data is in some waychanged. The amount of change may, 
of course, be either small or large and will depend to some extent 
on the time scale involved — a series of small changes from second 
to second may add up to a large change over a longer period. 
Whether small or great, however, it appears not to be due to the 
mere addition of another experience to a ‘ stock’ already existing. 
The past experience brought to deal with any incoming signal 
seems not to consist of an aggregate of past impressions, but 


appears to be in an organized or schematized form which is 
affe 


cted by each new impression in a manner which can be 
compared to the modification of a ‘plastic’ model. 


The translation process 


The relating of perception to action is a Process which is often 
thought of as an aspect of perception, constituting the forward- 
looking part of ‘meaning’ in the sense that it confers upon per- 
ception significance for Subsequent action. Alternatively, it 
might be regarded as a preliminary stage of the effector process. 
It would seem, however, to be sufficiently distinct from both to 
be considered separately as a link between the two, 

A good example, as the term implies, is translation from one 
language to another: material perceived in the one language must 
be converted into the other to make a verba] or written response. 
Other examples are contained in the use of Codes of various kinds. 
Most important for skilled performance are relationships be- 
tween display and control studied under that title by many 
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authors (e.g. Garvey et al., 1954, 1955), under the heading of 
*stimulus-response compatibility" by Fitts ег al. (1953, 1954) and 
under the title of ‘transformations’ by Crossman (1956). 

When lifting an object by hand from one position and putting it 
down in another the relationship between what is seen and what is 
done is straightforward. The actions of the hand are closely re- 
lated to the perceived positions and movements of the object. 
Similarly direct relationships between what is seen and done 
obtain when using hand tools. With machine tools and other 
mechanical and electronic devices, however, the relationship 
between perception and action may be complicated in several 
ways. For instance, a side-to-side motion of a pointer on a scale 
may result from a rotary motion of a control knob. Or again, the 
force required on a control lever may bear no directly linear 
relationship to the force it controls. 

Many translations seem to be, as it were, ready to hand or 
‘built into’ the repertoire that a man can bring to bear upon a 
task. This is obviously so in the case of direct hand moyements, 
and, for most people, of such basic educational attainments as 
reading. It also applies to machine controls with which certain 
‘expected’ relationships between actions and their effects have 
been demonstrated. Thus, for instance, clockwise rotation of a 
knob is expected to make the pointer of a horizontal scale above 
it move from left to right. Or to take a more homely illustration, 
most people would be confused by a tap that had to be rotated 
anti-clockwise to turn it off. These display-control relationships 
are learnt in the course of experience and their precise form is 
thus more a matter of individual experience channelled by social 
convention than of any fundamental characteristic of the organ- 
ism. Doubtless almost any set of relationships could be learnt in 
time. They seem to be much easier to master, however, if those 
in any one set are all consistent according to a single rule than if 
different rules apply to different displays and controls. It thus 
appears that, like perception, the translation process works on 
an economy principle in the sense that if a single translation can 
be applied to all display-control relationships, or at least all in a 
given task, less data have to be carried by the subject’s memory 
and less uncertainty arises when any control has to be used. 

Ina task for which no translation has already been built up the 
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subject has to construct one ad hoc. An elaborate case of this 
would arise in the breaking of an unknown code. A very simple 
case is that of making movements when all we can see of what we 
are doing is in a mirror. Left-right movements are normally not 
affected and cause little difficulty. Back and forth movements 
are, however, reversed and make it surprisingly (to most people) 
difficult to trace a design seen in a mirror. It frequently seems 
possible to analyse these translations into one or more specifi- 
able stages of spatial, symbolic or other transformation. Thus, in 
the mirror case we have to make a single spatial transformation 
of the far-near dimension. 

Once a rule of translation has been built up, putting it into use 
can often precede the signal which would normally initiate it. 
Whena particular signal or type of signal is expected we can often 
carry out the translation process and prepare responding action 


before it arrives so that when it does, it, as it were, triggers off à 
pre-formed response. 


The effector side 


The translation process may be thought of as a response to per- 
ception and in turn as a stimulus to effector action, initiating 4 
chain of events containing a series of stages which are, in an 
Important sense, the reverse of those leading from an external 
stimulus to perception. That is to say, there is a transition from à 
unitary integrated process to a series of detailed muscular move- 
ments. The nature of the events on the effector side is not at all 
well known — no doubt because they are usually unconscious — but 
it seems clear that they involve a progressive differentiation and 
particularization, 

The first of them is probably some kind of general orientation 
or attitude which determines in broad outline what is to be done. 
Next, perhaps, come what may be called general methods of 
dealing with the object or Situation concerned, and these are 
followed by particular knacks and dexterities which in (ШП 
bring into play detailed muscular movements. 

It should be noted that throughout the functioning of the 
effector side there seems again to be an organizational quality 
which is similar in several important ways to that of the receptor 
side. In particular: 
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1. At each stage there is the use of pre-existing patterns of re- 
sponse. As with the receptor side, some of these may be innate; 
but it again seems clear that, though their limits are set by innate 
capability, this limitation is in most cases small compared with 
the influence of past learning and experience. 


2. The organization of muscular movements produced by the 
effector side has a reference which is not only spatial but also 
temporal, so that movements do not occur as isolated units but 
are bound into sequences. This is especially noticeable when 
actions are performed in a rhythmical manner, but is an essential 
characteristic of all manipulative operations and, indeed, of all 
bodily movements except the very simplest reflexes. In this con- 
nexion it is to be noted that, just as a series of signals may lead 
to a single perceptual response, so a single translation may lead 
to a series of actions. 


3. The attitudes, methods, knacks and so forth which are 
brought into play in the building of effector action show a 
generalized quality in that they do not lead to exact stereotyped 
muscular movements. The actual movements made on any 
Occasion are adapted to the requirements of that occasion, and, 
as these requirements are never quite the same twice, the precise 
way in which the actual movements occur varies from one 
Occasion to the next, even when a performance is nominally 
repeated exactly. 


Human performance appears to be almost infinitely variable. 
It is often assumed that we achieve this variation because we 
acquire in the course of time a very large number of pre-formed 
responses which can be put to use as occasion requires. The 
variability of the performance seems, however, too great to be 
reasonably accounted for in this way except in a few very special 
cases. It would appear better to think of the central mechanisms 
as capable of producing a response which is formed ad hoc by a 
kind of *calculation? based on many influences derived from the 
Present aims and past experience of the subject and the sensory 
data of various kinds available at the time. We should, in other 
Words, think, as Craik (1943) urged, of the whole receptor, 
translatory‘and effector system as a kind of calculating machine 
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capable of receiving several different inputs and producing an 
output which is derived from the various input parameters acting 
in concert. Such a system results in a response which is unique 
on each occasion, although it is determinate and based on con- 
stants which are, at least in principle, discoverable. 
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The Problem of Serial Order in Behaviour 


Excerpt from К. S. Lashley, “Тһе problem of serial order in behavior’, in 
L. A. Jeffress (ed.), Cerebral Mechanisms in Behavior: The Hixon Symposium, 
Wiley and Chapman & Hall, 1951, pp. 122-30. (Page references of Wiley 
edition.) 


A consideration of the control of extent and rate of movement 
supports the view that sensory factors play a minor part in 
regulating the intensity and duration of nervous discharge; that 
a series of movements is not a chain of sensory-motor reactions. 
The theory of control of movement which was dominant at the 
turn of the century assumed that, after a movement is initiated, 
it is continued until stopped by sensations of movement and 
position, which indicate that the limb has reached the desired 
position, This theory was opposed by a good bit of indirect evi- 
dence, such as that accuracy of movement is increased rather 
than diminished with speed. I had opportunity to study a patient 
who had a complete anesthesia for movements of the knee joint, 
as a result of a gunshot wound of the cord (Lashley, 1917). In 
Spite of the anesthesia, he was able to control the extent and speed 
of movements of flexion and extension of the knee quite as ac- 
Curately as can a normal person. 

. The performance of very quick movements also indicates their 
independence of current control. *Whip-snapping' movements 
of the hand can be regulated accurately in extent, yet the entire 
movement, from initiation to completion, requires less than the 
reaction time for tactile or kinesthetic stimulation of the arm, 
which is about one-eighth of a second, even when no discrimina- 
tion is involved. Such facts force the conclusion that an effector 
mechanism can be pre-set or primed to discharge at a given 
intensity or for a given duration, in independence of any sensory 
controls, 
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Central Control of Motor Patterns 


This independence of sensory controls is true not only of intensity 
and duration of contraction of a synergic muscle group but is true 
also of the initiation and timing of contraction of the different 
muscles in a complex movement. The hand may describe a 
circular movement involving coordinated contractions of the 
muscles of the shoulder, elbow and wrist in about one-tenth of 
a second, and the stopping of movement at a given position, of 
course, is only a small fraction of that time. The finger strokes of 
a musician may reach sixteen per second in passages which call 
for a definite and changing order of successive finger movements. 
The succession of movements is too quick even for visual reac- 
tion time. In rapid sight reading it is impossible to read the indi- 
vidual notes of an arpeggio. The notes must be seen in groups, 
and it is actually easier to read chords seen simultaneously and to 
translate them into temporal sequence than to read successive 
notes in the arpeggio as usually written. 

Sensory control of movement seems to be ruled out in such 
acts, They require the postulation of Some central nervous 
mechanism which fires with predetermined intensity and dura- 
tion or activates different muscles in predetermined order. This 
mechanism might be represented by a chain of effector neurons, 
linked together by internuncials to produce successive delays in 
firing. In some Systems the order of action may be determined 
by such a leader or pace setter, Buddenbrock (1921) has shown 
for the stick insect, and Bethe (1931) for a number of animals 
from the centipede to the dog, that removal of one or more legs 
results in a spontaneous change in the order of stepping. Thus, 


for the insects, the normal order is alternate stepping of the first 
pair of legs with right first, left 


together. With removal of the 1 
second alternate and the ord 
right third stepping together, 
advancing together, instead 


however, that it i to 
is necessa 
remove the leg completely to ge y А 
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ment; sensory impulses from a limb stump would prevent it. 
Such coordination might be explained, perhaps, by a combination 
of loss of excitability in the centers of the absent limb, by the 
excitation of the remaining anterior center as a leader or pace 
Setter, and the spread of alternate waves of inhibition and excita- 
tion from the more anterior to the more posterior limb centers. 
The spontaneous change in coordination shows, however, that 
the coordination is not due to the action of predetermined 
anatomic paths but is the result of the current physiological state 
of the various limb centers. 

Such an hypothesis implies also the assumption of a polariza- 
tion of conduction along the neuraxis, with the order of excita- 
tion determined by the spatial arrangement of the centers of the 
legs. I see no other possibility of accounting for the facts. The 
examples of circular movement and of finger coordination, in- 
volving temporal integration of movements, seem to call for a 
similar hypothesis. They might be ascribed to an habitual linkage 
of the movements through a simple chain of internuncials but 
for two facts. First, such series are usually reversible at any point 
or can be started from any point. This would require the assump- 
tion of a second set of internuncials habituated to conduct in the 
Opposite direction, and this in turn leads to the further assump- 
tion of a polarization of conduction. Second, such patterns of 
Coordinated movement may often be transferred directly to other 
motor systems than the ones practiced. In such transfer, as to the 
left hand for writing, an analysis of the movements shows that 
there is not a reduplication of the muscular patterns on the two 
Sides, but a reproduction of movements in relation to the space 
Coordinates of the body. Try upside-down mirror writing with 
the left hand and with eyes closed for evidence of this, The asso- 
Ciative linkage is not of specific movements but of directions of 
Movement. An analysis of systems of space coordinates suggests 
mechanisms which may contribute to production of such series 
of movements in a spatial pattern. 


Space Coordinate Systems 


The work of Sherrington, Magnus and others on postural tonus 
and reflexes has defined one level of spatial integration rather 


35 


The Nature and Assessment of Skill 


fully, yet it is doubtful if these studies have revealed the es 
neural mechanism. The work has shown that the tonic one = : 
to every muscle in the postural system is influenced by a an 
impulses from every other muscle, toward increased or a = 
activity, according to its synergic or antergic action. To u е 
influences are added vestibular and cerebellar effects. Diagram- 
matically these mutual influences of the muscular system may be 
represented by separate reflex circuits from each receptor to every 
muscle, as Sherrington (1906, p. 148) has done. But no neuro- 
anatomist would, I am sure, maintain that such separate circuits 
or paths exist. What the experiments on posture actually show 
is a correlation of sensory stimulation and of tonic changes in a 
network of neurons whose interconnexions are still undefined. 
The reactions isolated experimentally have the characteristics of 
simple directly conducted reflexes, but their combination results 
in patterns of movement and posture which have definite rela- 
tions to the axes of the body and to gravity. 

This postural system is based on excitations from propriocep- 
tors. The distance receptors impose an additional set of space 
coordinates upon the Postural system, which in turn continually 


modifies the coordinates of the distance receptors. The dropped 


cat rights itself, if either the eyes or the vestibular senses are intact, 
but not in the absence of 


both. The direction of movement on 
the retina imposes a directional orientation on the postural 
system. Conversely, the gravitational system imposes an orienta- 
tion on the visual field, Upright objects such as trees or the 
corners of a room appear upright, at no matter what angle the 
head is inclined. Derangement of the vestibular system can dis- 
turb the distance orientation or the orientation of the receptors, 
as in the apparent Swaying of the vertical as a result of the 
after-images of motion following hours of rocking in a small 
boat. 


There are other, still more generalized systems of space 
coordinates. We usually keep track of the compass points or of 
some more definite index of 


direction by a temporal summation 
of the turns made in walking, though not always with success. 
Finally, there is a still more plastic system in which the concepts 
of spatial relations can be yo! 


luntarily reversed, as when one plays 
blindfold chess alternately from either side of the board. 
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Explanation of these activities, these complex interactions, in 
terms of simple isolated interconnexions of all the sensory and 
motor elements involved seems quite improbable on anatomic 
grounds and is ruled out by results of our experiments on section- 
ing of the spinal cord. Ingebritzen (1933) studied rats with 
double hemisection of the cord; one-half of the cord cut at the 
second, the other at the fifth cervical segment. In the best case 
only a small strand of the spinocerebellar tract of one side 
remained intact. These rats were able to balance in walking, 
oriented to visual stimuli, scratched with the right or left}hind foot 
according to the side of the face stimulated, were able to run 
mazes correctly, and even learned to rise on the hindfeet and 
push down a lever with the forepaws in opening a box. 

The alternative to the isolated-path theory of the space coordi- 
nates is that the various impulses which modify postural tonus 
are poured into a continuous network of neurons, where their 
summated action results in a sort of polarization of the entire 
system. I shall consider later the integrative properties of such a 
net. For the moment I wish to emphasize only the existence of 
these systems of space coordinates. Their influences pervade the 
motor system so that every gross movement of limbs or body is 
made with reference to the space system. The perceptions from 
the distance receptors, vision, hearing and touch are also con- 
Stantly modified and referred to the same space coordinates. 
The stimulus is there, in a definite place; it has definite relation 
to the position of the body, and it shifts with respect to the 
Sense organ but not with respect to the general orientation, with 
changes in body posture. 

Memories of objects usually give them position in the space 
system, and even more abstract concepts may have definite 
Spatial reference. Thus, for many people, the cardinal numbers 
have definite positions on a spiral or other complicated figure. 
What, if anything, such space characters can contribute to tem- 
Poral integration is an open question. They provide a possible 
basis for some serial actions through interaction of postural and 
timing mechanisms. 
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Rhythmic Action 


The simplest of the timing mechanisms are those controlling 
rhythmic activity. T. Graham Brown (1914) first showed by his 
studies of deafferented preparations that the rhythmic movements 
of respiration and progression are independent of peripheral 
stimulation and are maintained by a central nervous mechanism 
of reciprocal innervation. He suggested that this mechanism of 
reciprocal innervation, rather than the simple reflex, is the unit 
of organization of the whole nervous system. He thus fore- 
shadowed, in a way, the conception of reverberatory circuits 
which is coming to play so large a part in neurological theory 
today. Holst (1937) has recently shown that the rhythmic move- 
ment of the dorsal fin of fishes is a compound of two superim- 
posed rhythms, that of its own innervation and that of the 
pectoral fins. These two rhythms are centrally maintained. 
Musical rhythms seem to be an elaboration of the same sort of 
thing. The time or beat is started and maintained at some definite 
rate, say 160 per minute. This rate is then imposed upon various 
activities. The fingers of the musician fall in multi ples of the basic 
rate. If the leader of a quartet speeds up the time or retards, all 
the movements of the players change in rate accordingly. Not 


only the time of initiation but also the rate of movement is 


affected. The violinist, in a passage requiring the whole bow, will 


draw the bow from frog to tip at a uniform rate for the required 
number of beats, whether the tempo is fast or slow. With prac- 


ticed violinists, the rate of movement is extremely accurate and 
comes ош Оп the beat at the exact tip of the bow. 
Superimposed on this 


the melodic progressio; 


of four measures. In the performer keeps no 


ost invariably in a resolu- 


multiple of eight measures. 
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Here a generalized pattern is impressed on the sequence, but it is 
a simpler pattern than that of grammatical structure. It only 
requires the recurrence of a pattern at certain rhythmic intervals; 
a pick-up of a specific pattern after so many timed intervals. 

There are, in addition, still less regular rhythms of phrasing 
and emphasis. Parallels to these can be found in speech. The 
skilled extemporaneous speaker rounds his phrases and speaks 
with a definite though not regular rhythm. 

The rhythms tend to spread to almost every other concurrent 
activity. One falls into step with a band, tends to breathe and 
even to speak in time with the rhythm. The all pervasiveness of 
the rhythmic discharge is shown by the great difficulty of learning 
to maintain two rhythms at once, as in three against four with 
the two hands. The points to be emphasized here are the wide- 
spread effects of a rhythmic discharge indicating the involvement 
of almost the entire effector system, the concurrent action of 
different rhythmic systems, and the imposition of the rate upon 
both the initiation and speed of movement. Consideration of 
rhythmic activity and of spatial orientation forces the conclusion, 
I believe, that there exist in the nervous organization, elaborate 
systems of interrelated neurons capable of imposing certain types 
of integration upon a large number of widely spaced effector 
elements; in the one case transmitting temporally spaced waves 
of facilitative excitation to all effector elements; in the other 
imparting a directional polarization to both receptor and effector 
elements. These systems are in constant action. They form a sort 
of substratum upon which other activity is built. They contribute 
to every perception and to every integrated movement. á 


Interaction of Temporal and Spatial Systems 


Integration ascribed to the spatial distribution of excitations in 
the nervous system has been much more intensively studied than 
the temporal aspects of nervous activity. Theories of integration 
are based almost exclusively upon space properties, time enter- 
ing only in theories of facilitation, inhibition and after-discharge. 
In cerebral functions, however, it is difficult to distinguish be- 
tween spatial and temporal functions. The eye is the only organ 
that gives simultaneous information concerning space in any 
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detail. The shape of an object impressed on the skin can scarcely 
be detected from simultaneous pressure, but the same shape can 
readily be distinguished by touch when traced on the skin with 
a moving point or when explored by tactile scanning. The tem- 
poral sequence is readily translated into a spatial concept. Even 
for vision it might be questioned whether simultaneous stimula- 
tion gives rise directly to space concepts. The visual object is 
generally surveyed by eye movements, and its form is a recon- 
Struction from such a series of excitations. Even with tachisto- 
scopic exposures, the after-discharge permits a temporal survey, 
and, with visual fixation, shifts of attention provide an effective 
scanning. 

Since memory traces are, we believe, in large part static and 
persist simultaneously, it must be assumed that they are spatially 
differentiated. Nevertheless, reproductive memory appears almost 
invariably as a temporal sequence, either as a succession of 
words or of acts. Even descriptions of visual imagery (the 
supposed simultaneous reproductive memory in sensory terms) 
are generally descriptions of Sequences, of temporal reconstruc- 
tions from very fragmentary and questionable visual elements. 
Spatial and temporal order thus appear to be almost completely 
interchangeable in cerebral action. The translation from the 
spatial distribution of memory traces to temporal sequence seems 
to be a fundamental aspect of the problem of serial order. 

I spoke earlier of the Probability of a partial activation or 
priming of aggregates of words before the sentence is actually 
formulated from them. There is a great deal of evidence for such 
preliminary facilitation of patterns of action in studies of reaction 
time and of word Association. Reaction time, in general, is re- 
duced by preliminary warning or by instructions which allow 
the subject to prepare for the Specific act required. In controlled 
association experiments, the Subject is instructed to respond to 
the stimulus word by a word having a certain type of relation to 
it, such as the opposite or a part of which the stimulus is the 
whole; black-white, apple-seed. The result is an attitude or set 
which causes that particular category to dominate the associa- 
tive reaction. Whether such Preliminary reinforcement is to 
be ascribed to accumulation of excitatory state, as defined by 
Sherrington (1906), or to some other Physiological process, the 
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facts of behavior assure that it is a genuine phenomenon and plays 
a decisive role in determining the character of the response. 

Once the existence of such states of partial activation is re- 
cognized, their possible role in temporal integration must be 
considered. There are indications that one neural system may be 
held in this affair of partial excitation while it is scanned by 
another, Here is an example. A series of four to six numbers is 
heard: 3-7-2-9-4. This is within the attention or memory span 
and is almost certainly not remembered in the sense in which 
one’s telephone number is remembered, for memory of it is 
immediately wiped out by a succeeding series of numbers. While 
it is retained in this unstable way, subject to retroactive inhibition, 
the order of the numbers can be reassorted : 3-7—2-9-4, 3-2-7-9- 
4, 4-9-2-7-3 and the like. It is as if, in this case, a rhythmic 
alternation can suppress alternate items, or a direction of 
arousal can be applied to the partially excited system. Another 
example which illustrates even more clearly the spatial character- 
istics of many memory traces is the method of comultiplication, 
used in rapid mental calculation. In attempts to play a melody 
backward, we have a further illustration. I find that I can do it 
only by visualizing the music spatially and then reading it back- 
ward. I cannot auditorily transform even ‘Yankee Doodle’ into 
its inverse without some such process, but it is possible to get a ‘ 
Spatial representation of the melody and then to scan the spatial 
representation. The scanning of a spatial arrangement seems 
definitely to determine, in such cases, the order of procedure. 
Two assumptions are implied by this. First, the assumption is 
that the memory traces are associated, not. only with other 
memory traces, but also with the system of space coordinates. 
By this I do not mean that the engram has a definite location in 
the brain; our experiments show conclusively that such is not the 
Case. Rather, when the memory trace is formed it is integrated 
with directional characters of the space system, which give it 
Position in reference to other associated traces. Second, the 
assumption is that these space characters of the memory trace 
can be scanned by some other level of the coordinating system 
and so transformed into succession. 

This is as far as I have been able to go toward a theory of 
Serial order in action. Obviously, itisinadequate. The assumption 
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concerning spatial representation and temporal еи 
may even beg the question, since no one can say W. с A 
spatial or temporal order is primary. Furthermore, such ue 
mining tendencies as the relation of attribute to object, К £ 
gives the order of adjective and noun, do not seem to be analy. 

able into any sort of spatial structure or for that matter, into any 
consistent relationship. I have tried a number of ашуре, 
concerning the selective mechanism of grammatical form (spatia 
relations, the relative intensity or prominence of different words 
in the idea and so on) but I have never been able to make an 
hypothesis which was consistent with any large number of sen- 
tence structures. Nevertheless, the indications which I have cited, 
that elements of the sentence are readied or partially activated 
before the order is imposed upon them in expression, suggest 
that some scanning mechanism must be at play in regulating 
their temporal sequence. The real problem, however, is the 
nature of the selective mechanism by which the particular acts are 


picked out in this Scanning process, and to this problem I have 
no answer. 


Such speculations concernin 
little more than illustrate a 
organization which is, 
is known of the histolo 
and also with behavi 
current theories of si 


g temporal and spatial systems do 
Point of view concerning nervous 
I believe, more consistent both with what 
£y and elementary physiology of the brain 
or phenomena than are the more widely 
mple associative chains of reactions. 
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Dimensional Analysis of Movement Reactions 


Excerpts from E. A. Fleishman, ‘Dimensional analysis of movement re- 
actions’, Journal of Experimental Psychology, vol. 55, 1958, pp. 438-53. 


In previous studies the interrelationships among performances 
on a wide range of psychomotor tasks have been investigated 
(2, 7, 8, 11, 12). A primary concern has been to provide a func- 
tional classification of abilities accounting for individual differ- 
ences in such skills. 

The present study is concerned with a class of psychomotor 
skills which is probably the most important and contains the 
most numerous and complex kinds of human movements. These 
fall under the general heading of movement reactions, as defined 
earlier by Brown and Jenkins (1). In movement reactions one is 
interested in such things as the ability to make smooth or coordin- 
ated control movements, to move a body member or control at 
a given rate, in a rhythmical fashion, in a certain sequence, or 
along specified pathways. The distinguishing feature is that skill 
during the movement is of primary interest, as contrasted with 
positioning movements, where terminal accuracy is the primary 
feature, and static reactions, where maintenance of a certain 
limb position is the central task. Thus, although the act of reach- 
ing out to a given position in space to a control lever (positioning 
reaction) is the first step in operating that lever, the manner 
in which it is moved is the more significant feature of the 
reaction. 

The classification of motor abilities into static, positioning and 
Movement reactions by Brown and Jenkins (1) is entirely a 
rational classification. Each of these areas, in turn, they sub- 
divided into more restricted motor-response categories. À recent 
Study (5) has investigated the utility of the rational distinctions 
made among static and positioning reactions through an analysis 
9f intercorrelations among performances on representative tasks 
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of these skills. The general finding was that from the point of view 
of individual differences, static reactions are usefully considered 
as involving different abilities from positioning reactions, but 
that different positioning tasks involve highly specific skills with 
little generality from one task to another. On the other hand, in 
another study involving movement reactions (11), broad group 
factors were found which contributed to skill on many super- 
ficially diverse kinds of tasks. 

These group factors, empirically derived from the intercorrela- 
tions among tasks, did not conform in any simple manner to the 
subcategories of movement reactions outlined by Brown and 
Jenkins (1). For example, movement reactions are categorized 
by them into discrete, repetitive, serial and continuous types. 
Our results indicated that performance on tasks representing 
these ‘subcategories’ grouped into somewhat different kinds 
of categories which cut across those provided by Brown and 
Jenkins. 

The present study is a more definitive follow-up of the previous 
study involving movement reactions. The earlier study was based 
on the intercorrelations among performances on twenty-four 
Psychomotor tasks, originally administered to over 1000 Navy 
pilot candidates in 1947. In the present study, tasks were speci- 
fically selected or designed around certain hypotheses derived 
from the earlier study. These tasks were administered in the 
laboratory, under controlled conditions, to an unselected sample 
of basic trainee airmen in 1954, 

The objectives of this study were: (a) to replicate the earlier 
study under more controlled conditions, (b) to obtain more 
precise definitions of the factors identified through the inclusion 
of certain additional tasks and (c) to investigate the relationships 
between the factors identified and performance on a complex 
task performed under different conditions of difficulty. 


Hypothesized Factors 


The tasks were selected or constructed with a view to certain of 
the factors identified in the previous analysis of complex psycho- 
motor tasks (11). These factors and their tentative definitions 
from this previous study are as follows: 
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1. Fine control sensitivity. The ability to make fine, highly con- 
trolled limb adjustments in movements of moderate scope 
(labeled Psychomotor Coordination I in previous study, 11). 


2. Multiple limb coordination. The ability to coordinate more 
gross movements, where the use of more than one body member 
simultaneously is required (labeled Psychomotor Coordination 
II in previous study, 11). 


3. Rate control. The ability to make continuous anticipatory 
motor adjustments relative to changes in speed and direction of 
a continuously moving target or object. 


4. Response orientation. The ability to make rapid discriminations 
as to direction and choice of movements. 


On the basis of the previous analysis (11), at least three tasks 
were included to sample each of these ability categories. Certain 
tasks in the previous analysis as well as new ones were included 
in order to clarify the generality of these factors and to sharpen 
the original definitions. For example, tasks thought to represent 
the fine control sensitivity factor were, Rotary Pursuit, Complex 
Coordination and Rudder Control, Pursuit Confusion and Two- 
Hand Coordination. The task called Control Adjustment was a 
new device constructed with the definition of the fine control 
Sensitivity factor in mind and will be described later. The Dial 
Setting Test was included, since this seemed to require highly 
Controlled wrist-finger movements and its possible loading (or 
lack of loading) on fine control sensitivity would help determine 
the generality of this factor. 

Three tasks which measured multiple limb coordination in the 
Previous study were Plane Control, Two-Hand Coordination 
and Complex Coordination. The Two-Hand Pursuit Task, and 
the two Rudder Control scores were added in the present study 
as possible measures of this factor. 

Tasks assumed to measure the rate control factor were the 
Single Dimension Pursuitmeter, Two-Hand Pursuit and Rate 
Control Tasks. The task called Motor Judgement was added since 
it appeared to involve a greater degree of rate judgement and anti- 
cipation than other tests of this factor. If our original definition 
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of this factor was correct, then this test should be among the 
better measures of this factor. The Visual Coincidence Test, 
which requires only a button-pressing response, was included to 
see if emphasis in this factor is mainly in judgement of rate of the 
stimulus rather than the response. 

The response orientation factor was thought to be represented 
by the Discrimination Reaction Time, Printed Discrimination 
Reaction Time and Dial Setting Tests. 

Tasks representative of three other factors were also included 
in the study. Tasks in the present study, which have loadings on 


these factors in previous studies in our series, are indicated in 
parentheses. 


5. Reaction time. The speed with which an individual is able to 
respond to a stimulus when it appears (see 2, 10). (Visual, 
Auditory, Jump Visual and Jump Auditory Reaction Time Tests.) 


6. Arm-hand steadiness. The extent to which an individual is able 
to make steady, restricted arm-hand movements of the type 


which minimize Strength and speed (2, 6, 7). (Track Tracing and 
Steadiness-Precision Tests.) 


7. Speed of arm movement. The s 
movements, of limited Scope, can 
Aiming, Jump Visual Reaction 

Reaction Time Tests.) 


peed with which gross arm 
be made (2, 9, 10). (Rotary 
Time and Jump Auditory 


Method 


Description of the experimental tasks 


Brief descriptions of the thirty- 


) Опе task variables follow. Refer- 
ences to more detailed descripti 


Ons are given where available: 


1. Two-hand coordination. 


(See 13 and Figure 1.) The S attempts 
to keep a target-follower 


9n à small target disk as the target 


handle; movement to and fr 
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Consequently, simultaneous rotation of both handles moves the 
follower in any resultant direction. Score was the total time on 
target during four 1-min trials separated by 15-s rests. 


Figure 1 Two-hand coordination Figure 2 Rotary pursuit 


2. Rotary pursuit. (See 12 and Figure 2.) The S attempts to keep 
a prod-stylus in contact with a small metallic target, set in a 
rapidly revolving phonograph-type disk. Score was the total 
time on target during five 20-s trials separated by 10-s rests. 


3. Complex coordination. (See 13 and Figure 3.) Patterns of lights 
are presented whose positions are to be matched by appropriate 
adjustments of stick and rudder controls. A correct response is 
accomplished only when both the hands and feet have completed 
and maintained the appropriate adjustments, at which point a 
new pattern of lights to be matched is presented. Score is the 
number of completed matchings during two 2-min test periods 
Separated by a 30-s rest. 


Figure 3 Complex coordination Figure 4 Plane control 


4. Plane control. (See 14 and Figure 4.) The attitude of a model 
airplane is varied irregularly in its roll, pitch and yaw axes bya 
motor-driven cam system. The S attempts to keep the airplane in 
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a straight-and-level attitude by making compensatory adjust- 
ments of stick and pedal controls. Score is the amount of time S 
keeps the plane straight and level (on target in all three com- 
ponents) during four 1-min test periods, separated by 15-s rests. 


Figure 5 Pursuit confusion 


5. Pursuit confusion (time on target). (See 11 and Figure 5.) The 
S attempts to keep a Stylus ona variable-speed target as it moves 
through a diamond-shaped slot, The task is complicated by the 
fact that the entire target area is visible only by mirror vision. 


Score is the time on target during four 1-min test periods separ- 
ated by 15-s rests, 


6. Pursuit confu. 


sion (errors). Same as above, but score is the 
amount of time 


S is in contact with the sides of the slot. 


Figure 6 Discrimination reaction time 


7. Discrimination reaction time, (See 12 and Figure 6.) The S 
manipulates one of four toggle switches as quickly as possible in 
response to a series of visual stimulus Patterns differing from one 
another with respect to the Spatial arrangement of their com- 
ponent parts (e.g. position of a lighted red lamp relative to a 
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lighted green lamp). Score is the cumulated times of response for 
a series of forty reactions for each stimulus pattern (S must re- 
spond within 3 s). Each set of twenty reactions was separated by 
a 35-s rest. 


8. Motor judgement. (See 12 and Figure 7.) The S is confronted 
by two adjacent disks rotating at a constant speed. Each disk has 
black and white sections on its perimeter. Between these disks is 
a pointer, whose speed of rotation S can control. A forward 
movement of this stick slows the pointer and a backward move- 
ment speeds up the pointer. The S cannot stop the rotation of 
this pointer completely and he can exert no control over the two 
rotating disks. The S is required to manipulate the control stick 
so as to make as many revolutions of the pointer as possible 
without crossing the black areas on the rotating disks. To do this 
properly he must integrate his estimates of the speed of each disk, 
the pointer and his own control movements. Score is the ratio of 
number of pointer revolutions to number of errors (crossings of 
black areas) during four 1-min trials separated by 15-s rests. 


Figure 7 Motor judgement Figure 8 Visual coincidence 


9. Visual coincidence. (See 13 and Figure 8.) The S must react to 
a thin bar of light which moves from top to bottom behind a 
curved, translucent vertical screen. When the position of the 
moving light passes exactly between a pair of adjacent, stationary 
lights, S responds by pushing a button. If the reaction of S occurs 
at the exact point of coincidence, two red signal lamps at the sides 
of the screen flash. If S presses the button too soon or too late, 
по correct response is recorded (even if S holds the button down). 
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For each of sixteen stimulus presentations, the reference lights 
may appear at different places on the screen and the bar of light 
may move at different rates. Score is the number of correct 
responses for sixty-four stimulus presentations, with a 10-s rest 
between each series of sixteen presentations. Each series of six- 
teen presentations comprised 100 s. 


Figure 9 Two-hand pursuit 


10. Two-hand pursuit. (See 12 and Figure 9.) This is similar in its 
response aspects to variable 1, except this task involves com- 
pensatory rather than following pursuit. The S is required to 
coordinate the movements of two control handles to keep a small 
target under a cross-hair as it deviates from a null position. Score 


is the time the target is kept *on target during four 1-min trials 
Separated by 15-s rests, 


Figure 10 Single dimensional pursuit 


11. Single dimension pursuitmeter. (See 12 and Figure 10.) The S 
makes compensatory adjustments (in and out movements) of a 
control wheel, in order to keep a horizontal line in a null position 
as it deviates from center in irregular fashion. The control wheel 
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is dampened pneumatically, introducing a lag into the system. 
Score is the time the horizontal line is held in a null position 
during four 1-min trials separated by 15-s rests. 


Tes 


ERE ни 


Figure 11 Rate control 


12. Rate control. (See 12 and Figure 11.) A vertical target line 
moves back and forth across a curved scale, with frequent 
changes in direction and rate of movement. The S attempts to 
keep a thin pointer in coincidence with this line by adjustive 
rotary manipulations of a knob control. Score is total time the 
pointer and target line are in coincidence during four 1-min trials, 
separated by 15-s rests. 


Figure 12 Dial setting 


13. Dial setting. (See 12 and Figure 12.) The 5 is required to set 
four dials to the exact numbered positions indicated in four 
stimulus apertures, one of which corresponds to each dial. When 
all four dials are set exactly according to the indicated numbers, 
four new stimulus numbers appear in the apertures. Score is the 
number of settings completed in three 2-min trials, separated by 
15-s rests. 
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14. Control adjustment. (See Figure 13.) The 5 is required to 
match the position of a red light with a corresponding green light. 
The position of the lighted green light is controlled by a highly 
sensitive control stick. A slight movement of the stick to the right 
displaces the lighted green light to the right and a slight move- 
ment of the stick to the left displaces the green light to the left. 
When S has matched the two lights and held this position for 
0:5 s, the red light moves to a new position and ıS proceeds to 
match it. Score is the number of completed matches in four 1-min 
trials separated by 20-s rests, 


Figure 13 Control adjustment 


Figure 14 Rotary aiming 
15. Rotary aiming. (See 2 and Figure 14.) The task is to strike at 
a series of buttons arranged in a circular pattern on a horizontal 


panel going from one button to t 
Score is the number of strikes i 
25-s rests, 


he next as rapidly as possible. 
п four 30-s trials separated by 


Figure 15 Reaction time 


16. Visual reaction time. (See 2 and Figure 15.) The S keeps his 
finger on a button, depressing it (4 in) as rapidly as possible in 
response to a single amber light before him. A click provides him 
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with a ready signal before each light stimulus is presented with 
the foreperiod (between click and light) varying in a random 
order from 0:5 and 1:5s. Score is the cumulated reaction time for 
a series of twenty reactions. 


17. Auditory reaction time. (See 2 and Figure 15.) Same procedure 
and scoring as Visual Reaction Time except that S responds to 
buzzer when it sounds instead of a light. 


18. Jump visual reaction time. (See Figure 15.) Same proce- 
dure and scoring as Visual Reaction Time except S does not keep 
his finger on the response button, but keeps it on a cross 6 in 
from the response button. He must move his hand to the button 
as rapidly as possible as each light stimulus appears. 


19. Jump auditory reaction time. (See Figure 15.) Same as Jump 
Visual Reaction Time except response is to buzzer instead of light. 


20. Track tracing. (See 2 and Figure 16.) The S is required to nego- 
tiatean irregular slot pattern with a T-shaped stylus held at arm's 
length. Score is the number of errors (contacts with the back, top 
and sides of slot) during four attempts. No time limits. 


Figure 16 Track tracing Figure 17 Steadiness-precision 


21. Steadiness-precision. (See 2 and Figure 17.) The S moves a 
long stylus forward, slowly and steadily, away from his body, 
trying not to hit the sides of a cylindrical passage. Score is the 
number of errors (contacts with sides) during eight attempts, 
four through each of two passageways. No time limits. 
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22. Rudder control — center target. (See 13 and Figure 18.) The 5 
sits in a mock airplane cockpit, which he attempts to keep lined 
up steadily with one of three target lights as they come on in front 
of him. His own weight throws the seat off balance unless he 
applies and maintains proper correction by means of foot pedals. 
During this condition, only the center target was used. Score was 
the total time the cockpit is held lined up with the center light 
during three 30-s trials separated by 15-s rests. 


Figure 18 Rudder control 


23. Rudder control — triple target. (See Figure 18.) Same apparatus 
as 22 above, but in this condition 5 must utilize appropriate 
pedal control to shift the cockpit from one light to the other as 
these come on at random intervals. Score is the total time the 


cockpit is lined up with the proper light during three 112-s 
trials separated by 30-s rests, 


Figure 19 Printed discrimination reaction time 


24. Printed discrimination reaction time. (See 2 and Figure 19.) 
Going from item to item as rapidly as possible, the S makes a 
check mark in one of four slots (arranged in an up-down, right- 
left pattern), according to the configuration of black and white 
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dots. Score is the number of corrects minus twice the number 
wrong for one continuous 100-s trial. 


Variables 25-31 represent different conditions administered on 
the Multidimensional Pursuit Apparatus (14 and Figure 20). In 
the original version of this apparatus, S is confronted with four 
dials representing airspeed, altitude, bank and turn indicators. 
Pointers on each of these dials vary irregularly, continuously and 
independently of one another. The S attempts to keep all the 


Figure 20 Multidimensional pursuit 


pointers in the center of their respective scales by compensatory 
adjustments of simulated stick, rudder and throttle controls. 
Score is the amount of time the pointers on all four dials are 
lined up simultaneously in a zero position. In the present study, 
Seven different tasks were performed on this apparatus. The 
apparatus was modified in order to allow S to practice on single 
components or on combinations of components. The following 
conditions were administered to S in the order described. Within 
each condition S received four 1-min trials, separated by 15-s 
rests, Between conditions, S received a 5-min rest, during which 
he was given instructions for the condition to follow. 


25. Multidimensional pursuit — bank. All dials were covered, 
except the lower center dial indicating ‘Bank’. The S attempted 
to keep the pointer centered on this one dial through right and 
left compensatory movements of the stick control only. Score was 
the amount of time the pointer was *on target". 
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26. Multidimensional pursuit — heading. All dials were covered, 
except upper center dial indicating ‘Heading’. The S attempted 
to keep the pointer on this dial centered through compensatory 
right and left foot adjustments on the rudder pedals, Score was 
the amount of time the pointer was ‘on target’. 


27. Multidimensional pursuit — air speed. All dials were covered, 
except the extreme right dial indicating ‘Air Speed’. The S 
attempted to keep this pointer centered by compensatory for- 
ward and backward movements of the small ‘throttle control’ 
handle manipulated by his left hand. Score was the amount of 
time this pointer was ‘on target’, 


28. Multidimensional pursuit — bank and altitude. Two dials were 
uncovered and S had to keep both pointers centered through 
coordinated use of the stick in two dimensions. Forward and 
backward stick movement controlled the pointer on the altitude 
dial, while right and left movement controlled the pointer on the 


bank dial. Score was the amount of time both pointers were *on 
target simultaneously. 


29. Multidimensional pursuit — bank and heading. The two dials 
indicating Bank and Heading were uncovered and S had to keep 
both pointers centered through simultaneous stick Gight and 
left movement only) and foot pedal adjustments. Score was 
amount of time both pointers were “on target” simultaneously. 


30. Multidimensional pursuit — bank and air speed. Two dials were 
uncovered and S had to keep their respective pointers centered 
through simultaneous movements of the right hand (control stick 
right and left) and the left hand (throttle control handle to for- 
ward and back). Score was amount of time both pointers were 
‘on target’ simultaneously. 
31. Multidimensional pursuit — bank, heading and air speed. Three 
dials were uncovered and S had to keep their respective pointers 
centered through simultaneous adjustments of both hands as 
well as both feet. Score was amount of time a// three pointers: 
were ‘on target’ simultaneously. 
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The reader will note the subtasks were administered in an 
assumed order of difficulty. It should be noted that the ‘Bank’ 
component is involved in each of the complex conditions. In 
turn, these involved one hand in two dimensions, one hand and 
feet, two hands, and finally both hands and feet. [. . .] 


Administrative procedure 


The complete battery of tasks was administered to 204 basic 
trainee airmen at Lackland Air Force Base. Half the Ss were 
administered the seven subtasks of the Multidimensional Pursuit 
Apparatus (variables 25-31 above) before receiving the remain- 
ing tasks, while the other half received the Multidimensional 
Pursuit Tasks last. In the administration of these other experi- 
mental tasks (variables 1 to 24) a rotational procedure was used 
in which the order of occurrence of each task in the series was 
fixed (in the order listed above), but different Ss started at differ- 
ent points in the series. Two models of each apparatus were 
used in order to test two Ss simultaneously. In each case, the 
two test models were wired into a single scoring and control 
console monitored by E. 


Data analysis procedures 


For each task the obtained distributions of raw scores were 
transformed to normalized distributions of standard scores 
(stanines), each with a range from 1 to 9, a mean of 5 and SD of 
2. Conversions were made so that the 9 end of the scale was 
always indicative of ‘good’ performance (e.g. low errors, high 
time-on-target and low reaction time). [. . .] 


Results and Discussion 


Pearson product-moment correlations among the thirty-one 
variables were obtained. Factors were extracted from this matrix 
by Thurstone's Centroid Method (15). Extractions were continued 
beyond the point where the product of the two highest centroid 
loadings became less than the standard error of the original 
Correlation of the same two variables. Ten centroid factors were 
extracted. Orthogonal rotations of the primary axes were made 
by means of Zimmerman's graphical method (16) using the 
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Rotated Factor Loadings! 


Variable Factors* 
ЕПУ NNT VI VOIR x т 
RO FS RT SAMAHS MLCRC D WT Res 
1. Two-Hand Co- 
ordination 15 25 13 02 06 33 32 18 -12 -09 37 
2, Rotary Pursuit -09 50 -08 17 18 00 05 26 08 28 48 
3. Complex Co- 
ordination 09 35 06 21 27 30 0 21 19 08 43 
4. Plane Control 12 02 -0 11 25 41 19 21 03 25 40 
5. Pursuit Con- 
fusion — T.O.T. 23 12 -04 01 п -0 37 24 02 04 28 
6. Pursuit Con- 
fusion – Errors -04 04 05 06 36 11 19 31 -07 18 31 
7. Discrimination 
Reaction Time 67 19 11 03 19 09 03 18 01 18 61 
8. Motor Judgement 07 40 03 01 11 03 40 15 06 06 37 
Э. Visual Coincidence 36 12 14 -03 08 12 12 15 -10 01 23 
wo-Hand Pursuit 18 13 07 18 26 32 37 00 -07 26 47 
11, Single Dimension va vnu 3 
ursuit 23 05 25 -06 -09 14 26 37 
12. Rate Control -03 30 29 -16 -02 17 30 06 14 08 35 
13. Dial Setting 43 40 -03 05 08 -06 27 -08 -03 13 45 
14. Control Adjust- N 
ment ^ — 46 -12 24 06 18 22 -11 -04 17 43 
15. Rotary Aiming 07 26 17 38 08 -22 -02 18 04 10 34 
16. Ма Reaction os * 
ime 5 24 02 
17. Auditory Reaction ice КЕ а ылы 
Time ` 06 07 63 18 10 04 06 -08 -11 19 si 
18, Jump Visual 
Reaction Time 12 12 54 54 -01 -10 02 18 -09 -05 66 
19, map RE " 
eaction Time 04 64 44 00 -0 13 27 00 -06 71 
20, Track Tracing 00 29 09 24 50 00 -03 -09 -02 00 41 
21. Steadiness-Pre- wat Г) 
cision 1 09 E - 2 
22, Ruder Conto — as 43 00 17 -09 -05 -19 3 
ingle Target 06 01 03 - + 73 
д, Rosier бшгш d А. 52 19 44 -13 -09 
riple Target -06 з 4 20 - - 75 
24. Printed Discrimi- AY $ RO ELE 
32 24 01 24 21 -08 -04 06 -02 19 48 
24 07 10 12 02 21 - 17 si 05 45 
24 27 20 -14 10 10 -10 11 б 02 60 
23 138 22 -19. 13 -10 17 12 64 04 65 
32 15 02 24 00 26 37 09 56 -03 т 
41 11 02 13 - 08 22 02 75 -15 84 
31 24 15 09 15 19 14 09 72 o4 79 
Speed 33 17 10 -0»0 05 05 23 21 66 o8 6 


1. Decimals omitted. 


2. Factorsare identified as follows: I, response orientation; IT, fine control sensitivity; 
ІП, reaction time; IV, speed of arm movement; У, arm-hand steadiness; VI, multiple 
limb coordination; VII, rate control; VIII, doublet; IX, within task factor; X, residual, 
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criterion of simple structure and positive manifold. The accuracy 
of the rotational procedure was checked through reproduction 
of original correlation coefficients and through a comparison of 
communalities in the centroid and rotated matrixes. 


Interpretation of factors 


Factors were interpreted for psychological meaningfulness from 
the projections of the task variables on the rotated axes. The 
ten factors identified will be described in turn. Tasks with load- 
ings of 0-30 or higher are listed under each factor. 

Factor I appears to be the response orientation factor pre- 
viously identified (5, 6, 11). It has been found general to visual- 
discrimination reaction psychomotor tasks involving rapid 
directional discrimination and orientation of movement patterns. 


No. Variable Loading 
7 Discrimination Reaction Time 0:67 
24 Printed Discrimination Reaction Time 0:52 
13 Dial Setting 0:43 
29 Multidimensional Pursuit — Bank and Heading 0:41 
9 Visual Coincidence 0:36 
31 Multidimensional Pursuit — Bank, Heading, and 
Air Speed 0:33 
28 Multidimensional Pursuit - Bank and Altitude 0:32 


30 Multidimensional Pursuit — Bank and Air Speed 0:31 


This factor has been found distinct from the factor called 
spatial orientation, which represents the ability to comprehend 
the arrangement of a visual stimulus pattern. The present factor 
appears to involve the ability to make the correct movement in 
relation to the correct stimulus. In other words, *Given this 
stimulus, which way should I move?’ The Discrimination Reac- 
tion Time Tests were among the best measures of this factor in 
previous studies (5, 6, 11). In the Dial Setting Test, critical fea- 
tures involve moving the correct one of four knobs in correct 
relation to the four stimulus windows, but even more crucially 
turning the knobs in the correct direction so as to achieve a 
match more quickly. > 

The lower loading (0-23) of the Pursuit Confusion Test on this 
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factor may at first appear disturbing. This test involves mirror 
tracing, and the ‘which way do I move’ question would certainly 
appear critical. Similarly, the Two-Hand Coordination and Two- 
Hand Pursuit Tests involve such response decisions. The distinc- 
tion between these three tests and those on the factor appears to 
be that these involve continuous responses to continuous stimuli. 
Tests on the factor involve discrete reponses to successive stimuli. 

The presence of the Visual Coincidence Test on this factor 
implies that this factor may extend to situations in which the 
choice is whether to respond or not. Of special interest is the 
presence of four subtasks of the Multidimensional Pursuit Task 
on this factor. It is to be noted that these are the subtasks involv- 
ing more than one component at a time. Here associating the 
correct control with the correct dial is especially critical in ob- 
taining a score. The three subtasks involving no choice of control 
did not load on this factor. 

Factor II is defined as fine control sensitivity. 


No. Variable 


Loading 
2 Rotary Pursuit 0:50 
23 Rudder Control - Triple Target 0-48 
14 Control Adjustment 0:46 
23 Rudder Control - Single Target 0:44 
13 Dial Setting 0-40 
8 Motor Judgement 0-40 
3 Complex Coordination 0-35 
12 Rate Control 0:30 


All of these tasks involve the ability to make fine, highly 
controlled (but not overcontrolled) adjustments at some critical 
stage of performance. These results confirm previous indications 
(11), that this ability extends to arm-hand as well as to leg move- 
ments. The presence of Dial Setting and Rate Control suggests 
the extension to wrist-finger movements as well. Of special 
interest is the substantial loading of the Control Adjustment task 
on this factor. This device was specifically constructed as a 
measure of this hypothesized factor. On the negative side, Pur- 
suit Confusion, originally hypothesized as a measure of this 
factor, loaded on another factor. 
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Factor III is restricted to the four reference measures of 
reaction time. 


No. Variable Loading 
19 Jump Auditory Reaction Time 0:64 
17 Auditory Reaction Time 0-63 
16 Visual Reaction Time 0:56 
18 Jump Visual Reaction Time 0:54 


None of the more complex tasks appear on this factor. This 
factor has been defined simply as the speed with which S can 
react to a stimulus when it appears. These results agree with pre- 
vious indications (2, 3, 10) that individual differences in this 
ability are independent of whether the stimulus is auditory or 
visual. These results also confirm that this reaction time factor 
does not contribute to individual differences in the Discrimina- 
tion Reaction Time task briefly practiced. Reaction Time does 
contribute variance, however, after considerable practice is given 
on this task (see 10). 

Factor IV is restricted to those tasks in the present analysis 
which have previously identified a speed of arm movement factor. 
This represents simply the speed with which S can make a gross, 
discrete arm movement. 


No. Variable Loading 
18 Jump Visual Reaction Time 0:54 
19 Jump Auditory Reaction Time 0:44 
15 Rotary Aiming 0:38 


_ The distinction between this factor and the reaction time factor 
is again brought out, For example, this speed of arm movement 
Contributes variance in those reaction-time tasks which require 
a 6-in arm movement to the response button (variables 18, 19) 
but not in those reaction time tests requiring only a button- 
Pressing response. The Rotary Aiming Task involves no sudden 
Onset of stimuli but does involve a series of rapid, discrete arm 
Movements. This factor is not found in any of the complex 
tasks as represented in the present study. Previous work has 
shown that this factor does not contribute variance in perfor- 
mance on the Complex Coordination, Discrimination Reaction 
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Time, Plane Control and Rotary Pursuit Tasks, but only at high 
levels of proficiency achieved after continued practice on these 
tasks (3, 5, 9. 10). 

Factor V is identified as arm-hand steadiness, and defined as 
the ability to make precise and steady arm-hand movements of 
the type which minimize strength and speed. 


No. Variable Loading 
20 Track Tracing 0:50 
21 Steadiness-Precision 0-43 

6 Pursuit Confusion (Errors) 0-36 


This factor has appeared in a number of our studies. It has 
been found to extend to tasks requiring maintenance of a steady 
arm position, to tasks requiring steadiness during an arm 
movement, and to various planes of movement, etc. (2, 7, 12). 
However, in no previous study has it been found to extend to 
more complex psychomotor performances. Of interest in the 
present study is the loading of Pursuit Confusion (Errors) on 
this factor. It will be recalled that this score represents hits 
against the sides of a depressed slot. 

Factor VI includes tasks, all of which involve simultaneous 
manipulation of multiple limbs. 


No. Variable Loading 


22 Rudder Control — Single Target 0:52 
23 Rudder Control — Triple Target 0:48 


4 Plane Control 0:41 
1 Two-Hand Coordination 0:33 
10 Two-Hand Pursuit 0:32 
3 Complex Coordination 0:30 


This confirms previous indications (1 1) that the ability 
represented by this factor is general to tasks requiring coordina- 
tion of two feet (e.g. Rudder Control), two hands (Two-Hand 
Pursuit, Two-Hand Coordination), and hands and feet (Plane 
Controland Complex Coordination). Thisfactorislabeled multiple 
limb coordination. These are the only tasks in the study which 
require multiple limb involvement, except for certain subtasks on 
the Multidimensional Pursuit Apparatus. Itshould benoted thatall 
the tasks loaded on this factor present a display which allows S to 
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assess the degree to which he is ‘coordinating’. In the Multi- 
dimensional Pursuit task there is no single indication of this, but 
instead S must divide his attention betweenspatially separate dials. 
It is possible that these differencesincontrol-display characteristics 
are of consequence with respect to the abilities measured by such 


tasks, 
Factor VII appears the same as that called rate control in one 


of our recent studies (11). Since loadings are low, this must be 
regarded as our most tentative interpretation. However, all these 
loadings are consistent with our interpretation. 


No. Variable Loading 
8 Motor Judgement 0:40 
5 Pursuit Confusion (Time on Target) 0:37 

10 Two-Hand Pursuit 0:37 

28 Multidimensional Pursuit – Bank and Altitude 0:37 
1 Two-Hand Coordination 0:32 

12 Rate Control 0:30 


The common feature of all these tasks is that there is an ele- 
ment of pursuit involved. Each task requires the examiner to 
make anticipatory adjustments relative to changes in speed and/ 
or direction of a continuously moving object. All compensatory 
and following pursuit tasks in the present study, with the excep- 
tion of the Single Dimension Pursuitmeter, are located on this 
factor. These results confirm our previous indications that this 
factor cuts across the traditional categorization of pursuit tasks 
into ‘following pursuit’ (e.g. Rate Control and Two-Hand 
Coordination) and compensatory pursuit (e.g. Two-Hand Pur- 
suit). These results suggest that from the point of view of indivi- 
dual differences, this distinction may be arbitrary, and the nature 
of such tasks may better be thought of in terms of a third under- 
lying variable. Our previous study showed this factor to be 
general to tasks other than those traditionally called pursuit. 
The presence of the Motor Judgement Task on this factor in the 
Present analysis is further evidence of this. This task was in- 
cluded specifically to test the original definition of this factor. 
This is not a typical pursuit task, but there is considerable in- 
volvement of rate judgement and adjustment. The S must con- 
sider the rate of movement of two different disks, a pointer, and 
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of his own control movement to make an adequate response. It 
will be noted that the task, Visual Coincidence, does not load on 
this factor. This task was included to see if judgement of stimulus 
rate as opposed to response rate was the key to this factor. It will 
be recalled that only a button-pressing response is required in 
this task. The absence of this task from factor VII suggests that 
this factor represents skill in the motor aspects of the response 
rather than skill in the purely interpretational aspects of the rate 
of the stimulus.” 

Factor VIII is a doublet factor confined to the subtasks on the 
Rudder Control Task and is of doubtful psychological signi- 
ficance. 

Factor IX is confined to the seven subtasks administered on 
the Multidimensional Pursuit device and does not extend to the 
other ability measures. Moreover, there is no consistent pattern- 
ing of these loadings from one such task to another (see Table 1). 
It is possible that this ‘within-task’ factor represents specific or 
spurious variance due to experimental dependence of an un- 
known source. Although scores on each condition were obtained 
independently at successive Stages, they were obtained on the 
Same apparatus in the same order and during a single testing 
period for each S. It is not known, for example, to what extent 
positive. or negative transfer effects might be represented in the 
intercorrelations among these subtasks. Whatever the nature of 
factor IX, it is clear that we cannot define it in terms of the more 
general ability measures included in the present study. 

It was hoped that inclusion of the several scores on the Multi- 
dimensional Pursuit Apparatus would yield information on the 
relation between task complexity (in terms of number of display- 
control components involved) and factorial complexity (number 
of abilities required). As indicated earlier, the main conclusion 
possible from these data is that response orientation is involved 
when the task is complicated by the requirement that two or 
three controls be operated, but that this factor is not involved in 
the single component subtasks. Perhaps just as important is the 
finding that these results are independent of the particular con- 

1. This has been confirmed in a recent study in which we obtained only 


insignificant correlations between psychomotor pursuit tasks and motion 
picture tests of rate judgement and discrimination. 
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trol used or combination of controls (two feet, two hands, hand 
and feet, etc.) involved. The critical skill appears to be that of 
associating the correct control movement with the various 
display variations. 

It should also be pointed out that a large portion of the 
variance in the other experimental tasks remains specific to 
individual tasks. However, this should not minimize the impor- 
tance of discovering whatever common variance there is. 
Generalization of experimental results from one task to another 
might well depend on this common variance. However, this 
remains to be evaluated in other laboratory contexts. 

The importance of discovering this common variance certainly 
applies to the kind of predictions one may be able to make about 
individual differences in psychomotor performances. For a 
recent review of the utility of these concepts to the description 
and prediction of individual differences of practical consequence, 
the reader is referred elsewhere (4). 

It is not possible here to review the place and limitations of 
factor analysis in experimental psychology. It would seem, how- 
ever, that results of such studies can provide a set of working 
dimensions for conceptualizing task variables in terms of com- 
mon ability requirements. The utility of the descriptive models 
provided by this approach needs to be assessed by nonfactorial 
investigations. 


Summary 


The study confirms previous indications that movement reaction 
tasks of the kinds investigated may be grouped into several broad 
classes representing common ability requirements. The ability 
categories inferred from the factor analysis results were labeled 
fine control sensitivity, multiple limb coordination and response 
orientation. A factor called rate control was considered more 
tentative. Definitions of these factors and the diverse kinds of 
tasks to which they apply are described. Three other factors were 
identified as arm-hand steadiness, reaction time and speed of 
arm movement, but these did not contribute to performance in 
the more complex movement reaction tasks under the present 
conditions of administration. 
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The Measurement of Skills 


Excerpts from chapter 5 of P. M. Fitts and M. I. Posner, Human Per- 
Jormance, Brooks/Cole, 1967, pp. 83-92. 


Types of Tasks 


A distinction may be made between three different temporal pat- 
terns of stimulus events. Events are said to be discrete if they have 
a clearly defined beginning and end. Much of the knowledge 
available in experimental psychology concerns discrete stimulus 
events, such as the presentation of a single light or tone and 
discrete responses, such as the press of a lever or a single word. 

Even discrete events have dynamic aspects. Stimuli always 
occur in some kind of context both spatial and temporal. 
Responses to new stimuli are always superimposed upon on- 
going behaviour — the basic bodily processes, postural adjust- 
ments, etc. Thus, even in discrete tasks, ‘stimulus’ and ‘response’ 
are convenient abstractions from and simplifications of the real 
world of dynamic events and ongoing behavior. Judged by the 
neural and muscular activity involved, even so simple a response 
as a lever push is a complex pattern never exactly reproduced. 

Stimulus or response events are said to be serial when the 
beginning and ending of units can be identified but events follow 
each other in rapid sequence. Reading is a serial task when viewed 
in terms of eye movements. Tn reading, the eye remains fixed for 
periods of 200 ms or longer, and these periods are separated by 
Short, saccadic movements lasting less than 40 ms. If the subject 
receives information about future events, a serial task allows for 
the preparation of the next movement to be made- while the last 
movement is being executed. 

Finally, stimulus events may be continuous. A moving object, 
for instance, presents continuous information. In most studies of 
tracking behavior the subject is presented with a stimulus course 
Which varies continuously. In these tasks the subject is required 
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to make corrections so as to keep the system in a balanced state. 
Driving an automobile is a familiar tracking task. [. . .] Man is 
limited in his ability to respond to rapidly occurring signals. Tasks 
which present continuous information place severe demands upon 
this ability. 


Optimal Measures 


An experimental analysis of skills depends upon the method 
chosen to measure performance. Consider the skill of the base- 
ball batter. No single measure captures all aspects of his perform- 
ance in that skill. The batting average is the most frequently used 
measure, but a clean-up hitter might be selected because of his 
ability to hit a long ball. This ability might be reflected in a 
relatively low batting average but a large number of total bases 
per hit. Or a good batter might be one who hits frequently with 
men on base, giving a high number of runs batted in. A leadoff 
hitter might be selected who walks frequently, perhaps scoring a 
large number of runs but having a low batting average. 

The psychologist is often characterized as having a ‘black-box’ 
or stimulus-response approach to behavior, in that his observa- 
tions are restricted to sequences of events in the individual’s 
environment and toobservable response sequences. However, as is 
evident from the case of the batter, there are many ways to 
characterize such input-output relations, and some of these are 
much more valuable than others in revealing important aspects 
of human skills, 

Among the more valuable characteristics of a system of 
measurement adequate to the investigation of skills is sensitivity 
to input, output and the relation or balance between input and 
output. The only reason that the batting average is a useful 
measure is that over the course of a season each batter faces a 
large number of the available pitchers. A batter may have a 
wonderful average, but if he has yet to face strong pitching it is 
meaningless. In order to understand the meaning of the output . 
(batting average) we must understand the meaning or quality of 
theinput (quality of pitching faced). In order to describe the course 
of improvement in skills and to compare skills, it is necessary to 
capture the degree to which the output reflects the stimulus input. 


68 


P. М. Fitts and M. |. Posner 


A second criterion for a system of measurement is that it should 
be appropriate to the three types of tasks outlined above — dis- 
crete, serial and continuous. It should also allow meaningful 
comparisons between performances in these situations. 

Next, the measure should be sensitive to the accuracy of the 
responses made by the subject. The batting average, for example, 
is sensitive only near the region of the criterion. That is, it is 
sensitive to hits as opposed to outs but is not sensitive to the 
difference between a strikeout and a well-hit line drive that is 
caught. To be appropriate for all levels of skill, a measure should 

. be sensitive to different aspects of performance even when these 
are far from the criterion used to define success. 

The measure should take into account the length of time taken 
to perform a skill as well as the accuracy with which it is per- 
formed. Most skills depend at least partly on timing. In addition, 
time is a continuous measure and can discriminate between 
performances, even when a skill is so poorly performed as to give 
0 per cent correct responses or so well learned as to give 100 per 
cent. More important, a measure must be sensitive to time 
because man is often able to vary his accuracy in proportion to 
the amount of time he takes to perform a task. A typist can go 
fast and make many errors or go more slowly and reduce error. 
Neither time nor accuracy alone can be used to compare the per- 
formance of two typists, but the two together can be. 

Finally, the measure must be very general if it is to be useful in 
both perceptual-motor and language skills. Such generality may 
be somewhat at a disadvantage in particular cases but it allows 
for the broadest investigation of human skills. 


Information Transmission 


No single measure can meet all the criteria perfectly. In earlier 
Chapters, many different types of measurement were introduced 
for the purpose of analysing specific problems. These measures 
are as different from each other as, on the one hand, the time it 
takes to roll a cigar and, on the other, the number of digit series 
reproduced correctly 50 per cent of the time. Each of these 
measures is appropriate within the context in which it was used. 
This chapter develops the concept of the rate of information 
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transmission as a means of measuring skills. Like all measures, it 
summarizes certain aspects of performance and ignores others. 
In recent years, however, it has proved to be useful for comparing 
a variety of skills and has provided us with a more general picture 
of man’s abilities and limitations, 

The idea of man as a transmitter of information has already 
been introduced a number of times in this book. Up to this point, 
however, the ideas used have been mostly in accord with common- 
sense notions of what information is and how man uses it in 
making responses. It is now necessary to present ina more detailed 
manner a system for the measurement of information. The deve- 
lopment here is intuitive rather than rigorous. More complete 


treatments of the subject are available in Attneave (1959) and 
Garner (1962). 


Amount of information 


‘Information’ implies a gain in knowledge in some manner. A 
technical definition of the term, as developed in communication 
engineering (Shannon and Weaver, 1949), is both more precise 
and less general. In order for information to be conveyed, there 
must be uncertainty. The amount of information potentially 
available increases with theamount of uncertainty in the situation. 
The statement that 2 plus 2 equals 4 conveys no information to 
most of us because there is no uncertainty about the relation to 
begin with. The assertion that the result of a coin flip was ‘either 
heads or tails’ conveys no information, because it does not reduce 
our genuine uncertainty about the outcome. However, the simpler 
statement ‘it is tails’ does convey information. 

How much information is there in a statement? The amount 
of information increases with the number of possible things 
which might have occurred. Thus there is more information in a 
statement that a die came up four than that a coin came up tails, 
because six things could have occurred with the die and only 
two with the coin. There was, to begin with, more uncertainty 
with respect to the die. The amount of uncertainty then increases 
with N, where N is the number of possible things which might 
have occurred. 

Consider the case of coin flipping. If one coin is flipped, either 
of two things can occur; with two coins any of four things; with 
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three coins any of eight things. As the number of coins increases 
by one, the number of alternatives multiplies in powers of two. 
Since one coin flip is like another, it is convenient to define in- 
formation in a way which allows each flip to contribute equal 
information. The function which increases by equal amounts 
while N multiplies is called the logarithm of N. It is useful, there- 
fore, to define information as the logarithm of N. The base of 
the logarithm is purely arbitrary. However, if information is to 
increase by one unit each time N doubles, the base 2 is proper. 
Since many systems have only two states, like coin flips or truth 
values or lights, the base 2 is convenient. Information (H), as 
defined in equation 1, is measured in units called bits (abbrevi- 
ated from binary digits): 
H = log; N. 1 


Inourexamples so far, all the alternatives (N)ina given situation 
were equally probable. What happens when they are not? The 
statements that it will be cold in Alaska in January and that it will 
be warm in Alabama in August convey little information because 
they are virtually certain to be true. However, the reverse sugges- 
tion would convey much more information, since it is so improb- 
able. Information should reflect the probability (р) as well as the 
number of alternatives (N). When the alternatives are equally 
likely, p = 1/N ог N = 1/р and equation 1 may be made to read 
as follows: 

Н = log; 1/р. 2 
Notice that this equation is identical to equation 1 when it is the 
case that all events are equally likely. 

In skills it is often the average information in a series of events 
which is desired. Each event contributes information in accord- 
ance with its probability. The amount of information contributed 
by each occurrence of an event is given by equation 2. However, 
any event occurs only as often as its probability (р). Thus, its 
weighted contribution to the total uncertainty is p log: 1/p. To 
calculate the average uncertainty (А) in the sequence, all these 


values are added together for each event (7), which gives equation 
ak 


N 
H = Y pi log: 1/p:- 3 


і=1 
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0-40- 


0-10 


Figure 1 The curve shows p, log; 1/p, for each value of p;. И may 
be used in the computation of information (see text). (After Garner, 
1962) 


For example, consider a situation in which there are four lights 
with probabilities 0:1, 0-2, 0:3 and 0-4. Since one, and only one, 
light occurs on any trial, the probabilities add to 1. The average 
uncertainty about which event will occur in a sequence of such 
light flashes is shown below. 

Н = 0-1 log, 1/0:1 +-0-2 log; 1/0:2 2-0:3 log, 1/0:3 + 

4-04 log; 1/0:4. 4 
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Figure 1 may be used for calculating the amount of informa- 
tion from equation 4. The figure gives the values of p, log; 1/p; 
for all values of p;. In order to solve equation 4 you first look up 
the value 0-1 on the x-axis of the figure. Follow the line through 
0-1 vertically until you come to the curve and then read off the 
corresponding value (0:32) on the y-axis. The same is done for 
the other possible values of (02, 0:3 and 0:4). These values are 
then added to yield the average information in the sequence, 
which is about 1-84 bits. Of course, Figure 1 is approximate. 
More exact calculation may be made from a table of logarithms. 


Information transmitted 

The information transmitted is that amount of the stimulus in- 
formation which is represented in the subject's response. Informa- 
tion transmission will be maximum when one, and only one, 
response always occurs when a given stimulus is presented. If any 
other response occurs, the amount of information transmitted 
will be reduced. 


stimulus information 
(Hs) stimulus (x) 


^ 


ee, 
FU 


22 
A 
ر‎ 
" 
^ 


response information (Hy) 
information transmitted (Ar) 


Figure 2 The diagram portrays the relationship between stimulus, 
response and transmitted information. The matrix in Table 1 illustrates 
hypothetical data which might be obtained from an experiment 


To get a feeling for the calculation of information transmitted, 
look at Figure 2. In this Venn diagram the left circle represents the 
information in the stimulus; and the right represents the informa- 
tion in the response. In any example, the stimulus and response 
information can be calculated by use of equation 3 and Figure 
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1. If these two values are added, the sum includes all the informa- 
tion in the two circles: this includes the overlap of the two circles 
twice. The overlap information is represented twice in the sum 
since both circles include it. 

One method of calculating information transmitted is illus- 
trated in Table 1, using the example shown in Figure 2. The 


Table 1 
———————————————————S 


Н, = stimulus information 
= 0:1 log; 1/0-1 4-0:2 log; 1/0:2 4-0-3 log; 1/0:3 + 
4-0:4 log; 1/0:4 
= 0:33--0:46--0:52--0:53 
= 1:85 bits 
H, = response information 
= 0:05 log; 1/0۰05 +-0-2 log; 1/0-2 -+0:45 log, 1/0:45 + 
40:3 log; 1/0:3 
= 0-22+0-46+-0-42+0:52 
= 1-62 bits 
Hy, = cell information 
= 5(0:05 log; 1/0:05)--2(0-1 log; 1/0-1)2-0-15 log; 1/0-15-- 
+2(0:2 log; 1/2) 
= 5(0:22) 4-2(0:33) 4-0:41 +-2(0:46) 
= 3:09 bits 
information transmitted 
= Hy--H,— Hs, 
= 1:84+1-62—3-09 
= 0:37 bits 


Hr 


figures in the cells represent the number of times each response 
occurs to each stimulus. Entries along the diagonal are correct 
responses. Table 1 shows first how to calculate the stimulus and 
response information for this example. Then the information in 
the cells Hx,» which is the total area of the two circles of the 
Venn diagram, is computed. Finally, this value is subtracted from 
the sum of the stimulus and response information to obtain the 
information transmitted, which is represented by the doubly 
shaded area of the Venn diagram. 

For any situation in which a stimulus-response matrix of the 
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typeshown in Figure 2 can be developed, it is possible to calculate 
the information transmitted. Experiments on reaction time, 
absolute judgement and memory are among those for which 
information transmitted can be calculated. 


Information-transmission rate 

The measures that have been derived so far have a number of 
important properties. They are sensitive to the number of alterna- 
tive items which might occur on any trial. They reflect the degree 
to which the response is related to the stimulus. Finally, they are 
general, since they can be calculated whenever a set of events, 
each with a probability, can be specified. Moreoyer, they can be 
extended easily to take into consideration the speed as well as the 
information in the response. 

When the information transmitted per response is divided by 
the time it takes to respond, the rate at which information is 
transmitted is obtained. The rate of information transmission is 
useful for all tasks which place emphasis upon speed. It can be 
used for discrete, serial or continuous tasks. For the mathematics 
of information involving continuous input, see Shannon and 
Weaver (1949). 

; Theamountof information transmitted andthe rate of informa- 
tion transmission are measures which have most of the desirable 
Properties listed earlier. 

Two disadvantages of these measures should be noted. First, 
these measures are not very useful when errors are of differential 
Significance. The information measures do not differentiate 
between near misses and far misses. As long as one response 
always occurs to a given stimulus, information transmitted will 
be maximal and any departure will affect the measure equally. 
Second, information is defined only for a series of events where 
the probabilities governing the events are not changing. Since 
information is a function of the probability of events, it is usually 
necessary for the subject to have some knowledge of these 
Probabilities. This knowledge may be obtained from instruction 
Or from learning. Only when the subject’s experience mirrors the 
Objective probabilities can it be expected that information will be 
Telated to performance. 

Information measures have many uses and are readily adapted 
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to different aspects of performance. As the book progresses, some 
new applications will be considered and methods of calculating 
information provided. 


Redundancy 


The measure of redundancy is one of the most useful provided 
by information theory. Redundancy (R) is calculated by means of 
equation 5: 


Hana, 


max 


R=1- 5 

Наһх18 the maximum value of information which that sequence 
of events can give. Actua; signifies the actual amount of informa- 
tion derived from a sequence of events. The maximum value 
always occurs when the elements in a sequence of N events are 
all equally likely to occur and when the occurrence of one event 
cannot be predicted from any previous event. When either of these 
requirements is violated, the actual information falls below the 
maximum, and the sequence is said to be redundant. The English 
language is redundant for two reasons, First, the probability of 
occurrence is not equal for all the letters: E, for example, is much 
more likely to occur than Q. Second, the probability of a letter's 
occurring is greatly affected by the letters which occurred pre- 
viously. The redundancy of English has been computed (Shannon 
and Weaver, 1949) and the amount of redundancy of a language 
has been shown to be related to the rate of learning. 


Noise 

In human behavior there is a great amount of apparently spon- 
taneous variability. Engineers and information theorists call such 
variability, when it has to do with communication systems, noise. 
The amount of noise in a system can be specified in a statistical 


sense. In Figure 2, Н, — Hr represents the amount of noise 
added to the response by the subject. 

Just as it can be used to specify the amount of noise contributed 
by the subject, information theory can be used to show that there 
is additional information embedded in the noise. Errors made 
by man almost never are random; they are instructive for illus- 
trating properties of his information-processing system. For 
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example, when the letter P is forgotten in a memory experiment, 
there is a high likelihood that В, Т, or another letter which sounds 
like P will have been substituted for it. The error contains informa- 
tion about the way in which man’s memory system codes these 
Items. 


Information coding 


Codes, as illustrated by various natural and artificial languages, 
are not peculiar to information theory. Nevertheless, information 
theory has brought added rigor to the study of codes. A code 
consists of a population or alphabet of symbols and a system of 
rules or constraints among them. Codes are simple if they have 
no redundancy and the order of symbols to be presented to a 
subject is random. When rules are introduced which govern the 
order of symbols, such as in English, the code becomes redun- 
dant. Natural languages, which have many rules or constraints, 
are highly redundant. The linguist seeks to understand the rules, 
in the form of unit sequences and grammar, which produce the 
redundancy. 

The idea of a code has wide application in the study of human 
information processing. Man has great ability in learning the 
rules of complex codes. More and more, biological and behavioral 
scientists are couching their theories in the terms of coding pro- 
cesses. We hear about the genetic code, a highly redundant code 
which determines inheritance. Theories of hearing are often 
expressed as a process by which physical signals are recorded by 
the ear into neural activity, the code of the nervous system. The 
study of codes and coding processes bridges the gap between 
many formerly unrelated areas, each attempting to describe an 
aspect of the living system. 


Channel capacity and human limitations 

The theory of information published by Shannon and Weaver 
(1949) set forth and elaborated upon the concept of the capacity 
of an information channel perturbed by noise. Three aspects of 
this development should be noted. First, the concept of channel 
capacity is a formal theoretical concept. Channel capacity is not 
Something one measures directly but it is inferred as the maximum 
Dossible rateat which a channel can transmit information. Second, 
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the idea of a channel includes a specification of the information 
code to be employed. If the code is changed, the capacity of the 
channel may change also. Third, the term channel capacity refers 
to the rate at which information is transmitted and not to the 
amount of information per response. ч 
The concept of channel capacity as employed in information 
theory should not be confused with concepts regarding man’s 
capacities and limitations. Man does have a limited capacity for 
many tasks, Some of man’s capacities can be discussed in terms 
of the amount or rate of information transmission. However, 
there is not a single human channel capacity for all tasks and 
codes. It is not possible to predict on purely rational grounds the 
limits to the rate at which human beings process information. 


Instead, the limitations on many different aspects of processing 
have been analysed from empirical studies, 
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Part Two 
Laboratory Studies of the Components 
of Skill 


One attribute of skilled performance is the production of 
appropriate responses to deal with a particular problem. 
Sometimes these responses are discrete and do not have to 
meet rigorous limits of accuracy — for example, typing on an 
electric machine. Other responses, to be successful, have to be 
very precisely executed in time and space — for example, 
returning a serve in lawn tennis. This is essentially a contrast 
between selecting among a number of pre-programmed 
alternative responses and generating what is tantamount to a 
unique response. 

Tasks have been developed in the laboratory for studying 
these processes experimentally. The study of choice reactions 
described by Welford (Reading 5) and Brainard ег al. (Reading 
6) throws light on the time it takes to decide among different 
numbers of alternatives, and a variety of models have been 
developed to account for this aspect of behaviour. Audley and 
Pike (1965) have examined several models of choice behaviour 
and categorized them in terms of the underlying mechanisms 
they imply. It is now clear that the early enthusiasm with which 
information theory was greeted was misplaced and that other 
theoretical approaches provide as good a description of choice 
behaviour, Nevertheless information theory provides a valuable 
approximation and a basis for quantifying the difficulty of 
choice situations which is pragmatically useful. 

The performance of continuous skills requiring precise 
movements such as driving a car or playing ball games has 
been studied in the laboratory through a task called ‘tracking’, 
The subject is required to modulate his response according to a 
continuously varying signal, Poulton (Reading 7) describes this 
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task and also stresses the dependence of skilled performance 
upon a number of predictor mechanisms. The use of 
information theory to quantify performance in a tracking task 
is described by Crossman (Reading 8). Crossman’s analysis 
depends upon the assessment of the control of redundant 
voluntary movements and in particular the way in which the 
time to complete a movement varies as a function of its 
amplitude and accuracy. This relation is known as Fitts’ Law 
(Fitts, 1954; Fitts and Peterson, 1964). These papers show that 
the speed and accuracy of a subject’s performance are limited 
by his capacity to take in information, to take decisions and to 
control his responses accurately. Within limits, these limitations 


may be described successfully using the concepts of information 
theory. 
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The Measurement of Sensory-Motor Performance 


Excerpts from A. T. Welford, ‘The measurement of sensory-motor per- 
formance: survey and reappraisal of twelve years’ progress’, Ergonomics, 
vol. 3, 1960, pp. 189-230. 


Perhaps the most important pioneer break into this problem was 
made by Hick (1952) who proposed, on the basis of his own data 
and also those of Merkel (1885), that in making choice reactions 
the subject gains ‘information’, in the information-theory sense 
Of the term, at a constant rate. 

Merkel had presented his subjects with signals ranging in differ- 
ent trials from one to ten alternatives. The signals consisted of the 
arabic numerals 1-5 and roman numerals I-V, printed round the 
edge of a disc, The subject waited for each signal with his fingers 
Pressed on ten keys and, when a number was illuminated, released 
the corresponding key. The arabic numerals corresponded in order 
to the fingers of the right hand, and the roman to the left. When less 
than ten choices were required some of the numerals were omitted. 

Hick’s own experiments used as a display ten pea-lamps 
arranged in a ‘somewhat irregular circle’. The subject reacted by 
Pressing one of ten morse keys on which his fingers rested. Choices 
Of less than ten were again obtained by omitting some of the lights. 
The frequencies of the various signals for any given degree of choice 
Were carefully balanced and presented inan irregular order so as to 
ensure as far as possible that the subject should not be able to 
Predict what signal was coming next. Each light appeared 5 s after 
the completion of the previous response – an interval too long for 
the subject to judge accurately when the signal would appear. 

Hick found that if the number of possible signals is taken as п 
and reaction time is plotted against log ( + 1), the observed 
reaction times for different numbers of signals lie on a straight 
line which also passes through the origin. We can thus write: 
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where K is a constant. If we work in logarithms to the base 2, log 
(п + 1) = 1 when n = 1 and K is the simple reaction time — a 
convenient result. 

The obvious question arises, why (п -+ 1) and not л? Hick has 
pointed out that if the subject is uncertain when a signal will 
appear he is faced with the task, when it does appear, not only 
of deciding which it is, but also of deciding that a signal has occur- 
red at all: failure to do so will result in his either reacting when 
there is no signal present or failing to react when there is one. 
The additional task of guarding against such errors can be con- 
ceived as adding one to the number of possible states of affairs 
that he has to distinguish — instead of states corresponding to 
signals 1, 2, 3, . . ., n he has to deal with states corresponding to 
0,1, 2, 3, .. ., п. If the subject were in no doubt when a signal 
was coming, as, for example, if he were to determine the point of 
time himself at which the signal light came on, the + 1 in equa- 
tion would not be required since there would be no temporal 
uncertainty to be resolved. We may denote the sum of the possi- 
bilities including ‘no signal’ as N, defining N as the equivalent 
total number of equally probable alternatives from which the 
subject has to choose, and may then rewrite equation 1 as: 


choice reaction time = K log N. 2 


This formulation we may call Hick’s Law. It should be under- 
stood that it is an ‘ideal’ formula and that time lags in the appara- 
tus T in the making of a response may add a constant to the time. 
[55 

Hyman's (1953) and Bricker's (1955) view is that uncertainty 
about when a signal will come and about which signal has arrived 
should be treated separately and that we should write instead of 
equation 2: 


choice reaction time = a+b log n 3 


where a and b are constants, and a is equal to the simple reaction 
time and caters for temporal uncertainty. Again there may be 
an additional constant due to time lags in the apparatus or in the 
execution of the response. 

Support for this approach appears, at first sight, to come from 
results by Klemmer (1957) which indicate that information due 
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to temporal uncertainty in a simple reaction time task can be 
calculated in terms of the variability of the warning period given 
of a signal's appearance, and of the subject’s ability to estimate 
time. Klemmer’s calculations suggest a mechanism different from 
that involved in making choices, and one which gains information 
at a much higher rate. The variations in reaction time that he 
reports between different degrees of temporal uncertainty are, 
however, small and, as Hick has pointed out in a private com- 
munication, should be distinguished from the effects of having to 
guard against premature or omitted reactions. Hick has further 
emphasized that since » could in certain circumstances approach 
0, equation 3 cannot have general validity since log п would then 
approach — о. 

Equations 1 and 2 have some intuitive support as well as the 
theoretical advantage pointed out by Hick: the larger the range 
of possible signals and responses, the more time the subject is 
likely to spend scanning them for the occurrence of a signal 
compared with the time he spends *wondering when a signal is 
coming’, i.e. in ‘scanning’ the absence of signal. At the same time 
it is reasonable to suppose that with practice he might turn his 
main attention to possible signals or responses and away from the 
Possibility of ‘no signal’, The extent to which he did so would be 
marked by a reduction of the +1 in equation 1 and its approach 
to 0. Again, if the subject's attention were positively deflected 
away from the possible signal sources, a figure in excess of +1 
might be needed. 

What is clear is that equation 1 gives a better fit than equation 
3 to almost all the available data including not only Merkel’s and 
Hick's but also Brown's (1960) and Hyman's own, some of which 
are shown in Figure 1. Hyman's experiments required the subject 
to respond verbally to lights which varied from 1 to 8 in different 
trials. The regression line in Figure 1 has been fitted by eye to 
Pass through the origin. It clearly is a very reasonable fit. The 
best fit would, however, have been obtained by using a quantity a 
little less than +1 in equation 1. This is perhaps understandable 
in view of the fact that Hyman’s subjects were given a warning 2 
S before each signal — a length of time short enough for them to 
have been able to estimate the time of arrival more accurately 
than was possible in Hick’s experiment. 

83 


Laboratory Studies of the Components of Skill 


The only results so far found by the present writer to be fitted 
better by equation 3 than by equation 1 are from an experiment 
by Venables (1958) who used a method closely similar to Hyman’s 
in a comparison of schizophrenics and normal subjects. Results 
from the latter conformed better to equation 1, but those from 
one of the two groups of schizophrenics were more in line with 
equation 3. The other group of schizophrenics produced some- 
what scattered results which could be fitted equally well by either 
equation. It should be noted that both groups of schizophrenics 
differed from normals in the addition of a substantial constant 
time for all degrees of choice. Their results would seem, therefore, 
to need special consideration anyway, which would take us into 
a detailed discussion of changes occurring in schizophrenia and 
carry us beyond the scope of this paper. 

Whichever side is favoured in this controversy, the general line 
of approach is supported by three further findings: 


1. The amount of information conveyed by the signals in a 
choice reaction task is reduced if they are not all of equal fre- 
quency, The amount of information due to uncertainty about 
which signal will occur can be worked out by summing the 
amounts of information conveyed by each signal weighted 
according to the probability of its occurrence. Let us call this 
log n, — the equivalent number of equi-probable choices and 
corresponding to log п in equation 1. We can thus write: 


log n, = > (p. log >) 4 


where py is the probability of each signal in the set taken in turn. 


To take account of the requirement to avoid premature or omitted 
reactions we need to write to place of equation 1: 


choice reaction time = K log (m-n) 5 


where п; is the addition due to the need to avoid premature or 
omitted reactions. This is, in fact, the basic form of equation 
1 since if all the p;s are equal п, = n and m normally = +1. 
Hyman (1953) and Crossman (1953) both found reductions of 
about the expected amounts in the average times required to 
make choices when the signal frequencies were unequal. Hyman’s 
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Figure 1 Data from an experiment by Hyman, plotted in terms of 
equation 1. The total number of reactions represented is about 
20,000 — 5000 from each of four subjects 


task has already been briefly described. Crossman's was not, 
strictly speaking, a reaction time task at all, but involved sorting 
à pack of cards into various different categories such as picture/ 
Non-picture, The times for sorting in these ways were compared 
With the times for sorting into categories of equal frequency such 
as red/black or the four suits. 


2. Reduction of information also occurs when the signals tend 


to follow each other in recognizable sequences or when any signal 
is followed by any other more often than would be expected by 
Chance, even though the over-all signal frequencies are equal. 
Hyman (1953) also found the expected shortening of average 


Ti i H * 
action times in these cases. 
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3. The amount of information gained is reduced if the subject 
makes errors. A conyenient method of calculating the amount of 
information gained when errors are present is to make a table 
with, say, a column for each signal and a row for each response, 
and to enter the responses made to each signal in the appropriate 
cells. We can then write: 


5 m fx ) 
log nm = log T+ TÉ (CA ов 6 
where T is the total number of readings, fs is the total frequency 
of signals in each column taken in turn, fa is the total frequency 
of responses in each row taken in turn, and Jer is the frequency of 
readings in each cell taken individually. Hick (1952) sets out a 
practical example from his experiments. 

Hick found that the shortening of reaction times when sub- 
stantial numbers of errors were made was by approximately 
the amounts expected. This finding is important because it gives 
us a rational means of combining speed and accuracy of per- 
formance into the single score of amount of information gained. 
It also means that times for different tasks can be regarded as 
comparable only if errors are held constant, and conversely that 
error rates can be properly compared only if times are held 
constant. 


The same considerations imply that the 4-1 in equation 1 will 


be reduced if premature Tesponses occur or if responses are omit- 
ted, 


Hick has noted in a private communication that most, perhaps 
all, experiments in this area have tacitly assumed that all errors 
are equally ‘bad’, and suggests that this may not in fact be correct. 
Further work would seem to be required on this matter. 
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Some Variables Influencing the Rate of Gain of 
Information 


R. W. Brainard, R. S. Irby, P. M. Fitts and E. A. Alluisi, *Some variables 
influencing the rate of gain of information’, Journal of Experimental 
Psychology, vol. 63, 1962, pp. 105-10. 


Choice time, or disjunctive reaction time (R T), has been found 
to be a linear increasing function of the average amount of infor- 
mation transmitted (H;) per stimulus-response event in a variety 
of tasks (e.g. Gregg, 1954; Hick, 1952; Hyman, 1953). Hick 
found that the same function fitted the data when errorless 
performance was required and also when S speeded up his 
responses to the point where a substantial number of errors 
occurred. Hyman, demanding errorless performance, found that 
RT was a linear function of stimulus information, H,, (and, 
therefore, of H,) when three different procedures for varying 
average H, were used: (a) the number of equally probable alterna- 
tive stimuli was varied, (b) the relative frequency of occurrence of 
different stimuli was varied and (c) the degree of sequential 
dependence of stimuli was varied. The mathematical equivalence 
of these three methods of varying stimulus uncertainty has been 
shown by Shannon and Weaver (1949); their psychological 
equivalence can be inferred from the results of Hyman's study. 

Similar results have been obtained with the use of self-paced 
serial-reaction tasks. For example, in a serial card-sorting task 
Crossman (1953) found choice time to be linearly related to the 
average information processed per response, and in a serial switch- 
moving task Archer (1954) found that the averagetime per response 
increased as a linear function of the relevant information presented 
in the stimulus (over the range from 1 to 4 bits/stimulus), but was 
independent of the irrelevant information presented (over a range 
from 0 to 2 bits/stimulus). 

Although a linear relation between R T and H, of the form 
RT — a 4- bH, has been consistently obtained, the slopes and 
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intercepts of the functions, i.e. the numerical values of a and b, 
have varied widely from one task to another. Thus it is clear that 
parameters other than the informational characteristics of the 
task are significant in determining RT, specifically in modifying 
the slope and intercept of the function. 

The present study was planned to investigate some of the 
parameters that may be responsible for the difference in slope 
and intercept obtained in earlier studies. Specifically, the objec- 
tive was to determine the effects of (a) two types of stimulus 
codes (numerals and light patterns), (b) two types of response 
codes (vocal and finger) and (с) self-paced serial v. discrete- 
reaction tasks. The four combinations of stimulus and response 
codes were chosen to provide high and low levels of S-R. com- 
patibility, Three levels of stimulus uncertainty (1, 2 and 3 bits/ 
stimulus) were obtained by varying the number of equally prob- 
able alternative stimuli. Only naive Ss were used, each S serving 
under only one S-R coding condition and one level of stimulus 
uncertainty. Thus the experiment also provides further tests of 
the generality of the linear relation of RT to He 


Method 


The study was conducted in two parts, which were identical 
except for the specific S-R pairings used. Pairing of (a) key press- 
ing responses to spatially arranged lights and (b) vocal responses 
to numerals were used in the first part, It was predicted that these 
S-R ensembles should show high compatibility, i.e. give relatively 
high values of H, per second. Pairings of (c) key pressing responses 
to numerals and (d) vocal responses to spatially arranged lights 
Were employed in the second part. It was predicted that the latter 
S-R ensembles would be relatively less compatible since neither 
physical correspondence nor overlearning operated in its favor. 
The data of the two parts of the experiment were collected at 
different times, but the same apparatus and procedures were used 
throughout and Ss were drawn from the same population of 


university students. 


89 


Laboratory Studies of the Components of Skill 


Stimuli 


Two sets of stimuli were used: 0-25-in high arabic numerals and 
0-5-in diameter ruby lights. The numerals appeared as projections 
on the centre of a 10-in diameter circular display of opal glass 
(brightness of 2-5 ft-L), The lights (440 ft-L) were mounted on a 
vertically placed panel; they were arranged spatially in two semi- 
circles to correspond with the placement of the finger tips. Each 
of the-stimulus surfaces was located approximately 28 in directly 
in front of the seated S. 

The amount of information characterizing a stimulus event was 
varied by random selection of stimuli from among two, four or 
eight equally likely alternatives (1, 2 or 3 bits/stimulus, respec- 
tively). One set of conditions consisted of either two, four or 
eight arabic numerals. At the lowest level of stimulus uncertainty 
the numerals used were 4 and 7; the numerals 3, 4, 7 and 8 were 
used at the intermediate level, and all the numerals from 2 
through 9 were used at the highest level of uncertainty. The other 
set of conditions consisted of either two, four or eight ruby- 
colored lights. For reference purposes the lights, from left to 
right, were assigned the numbers 2 through 9; the specific lights 
used in making up the three levels of stimulus uncertainty were 
those corresponding to the three sets of numeral stimuli. Any 
light not being used in a specific condition was replaced with a 


0:5-in diameter metal cap that was set flush with the plane of the 
panel, 


Mode of information presentation 


Stimuli were presented both in a self-paced serial-reaction task 
and in a discrete-reaction task. In the self-paced task, the first 
stimulus appeared approximately 3 s after a * get ready” burst of 
broad-band noise was presented through the earphones worn by 
S. Each succeeding stimulus appeared 0-15 s after $ had responded 
to the previous stimulus. The interval of 0:15 s represents the 
electromechanical switching time of the experimental apparatus; 
it was subtracted from the self-paced response times to yield the 
RTs. (No corrections were made for the rise time of the 
incandescent lights, lags of the voice key or time clocks, or 
differential brightness of the ruby lights and projected numerals.) 
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Discrete stimuli were presented at the rate of one stimulus 
every 10 s. A red circle in the center of the display screen (or a 
green light in the center of the array of ruby lights) appeared 
together with a broad-band noise signal to provide a ‘get ready" 
indication during the 2 s immediately preceding each stimulus 
presentation. The stimulus remained on for 8 s; it was followed 
by the 2-s warning for the next stimulus, etc. 


Responses 


For the key pressing task, a bank of ten keys was arranged 
horizontally in two semicircles to correspond with a natural 
placement of the finger tips. These keys were numbered from left 
to right, 1, 2, 3, . . . 10. Wooden blocks were inserted under those 
keys for which no corresponding stimulus would appear. The 
fingers used in the key pressing responses for the three levels of 
stimulus complexity were the two index fingers (4 and 7) for the 
1-bit/stimulus level, the middle and index fingers of both hands 
(3, 4, 7 and 8) for the 2-bits/stimulus level, and all but the little 
fingers for the 3-bits/stimulus level. When making these motor 
responses, S’s task was to depress the key that corresponded to 
the stimulus presented. Specific errors were recorded on an 8 x 8 
electromechanical counter matrix. 

In making vocal responses $'s task was to identify the stimulus 
by responding with its numerical label. The responses were 
monitored and errors recorded by E, who had in front of him a 
list of the series of stimuli being presented to S. The S’s responses 
were also tape recorded so that ambiguities in scoring could be 
resolved by replaying the record. 


Procedure 


The study employed a 4 x 3 x 2 factorial design, consisting of 
the four S-R codes (light and numerical stimuli paired with vocal 
and key pressing responses), the three levels of stimulus uncer- 
tainty (1, 2 and 3 bits/stimulus), and the two task conditions 
(self-paced and discrete). 

Different groups of twenty Ss were assigned to each of the 
Combinations of the four S-R pairings with the three levels of 
Stimulus uncertainty (twelve groups); however each S served 
under both self-paced and discrete-reaction conditions. Each S 
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served for five trials lasting somewhat less than an hour in all. 
Trials 1, 3 and 5 (100 responses per trial) required self-paced 
serial reactions, whereas Trials 2 and 4 (fifty responses per trial) 
required discrete reactions. The first self-paced trial was given for 
purposes of task familiarization and data obtained from it were 
omitted from analysis, 

Each S was seated in a small experimental booth, Ambient 
lighting was furnished by a single miniature fluorescent light; 
brightness contrast was high and all stimuli were quite legible. 
Broad-band noise (approximately 60 dB) was presented continu- 
ously to S through their earphones during all self-paced trials in 
order to mask extraneous sounds. Earphones were also worn 
during the discrete-reaction trials, but masking noise was pre- 
sented only during the 2-s interval just prior to the presentation 
of each stimulus. 


Subjects 


The Ss were 240 undergraduate students at the Ohio State 
University, 156 men and eighty-four women, In each part of the 
study Ss were assigned to one of the six groups used in that part 
on the basis of order in reporting to E, with the restriction that 
each group contain thirteen men and seven women, 


Results 


Three measures of performance were computed: (a) average 
reaction time (RT, in s/response), (b) average information trans- 
mitted per response (Hr, in bits/response) and (c) average rate of 
information transmission per response (H,/RT, in bits/s). 


Relation between RT and H, 


Average RT and average H, were computed from the 100 discrete 
reactions of each S; similar estimates were also computed from 
the last 200 self-paced serial reactions of each S. Scores for SS 
were then averaged to obtain group estimates. The relation 
between these average RTs and H,s were examined for each of 
the eight functions obtained for the different combinations of the 
two modes of information presentation (discrete and self-paced 
reactions) and the four S-R pairings. The least-squares linear 
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equations of best fit for the eight conditions are given in Table 1. 
For none of the conditions was the deviation from linearity 
Statistically significant (P > 0-05 in each case). 


Table 1 


Empirical Linear Equations of Best Fit for Average RT, in 
s/response, as a Function of Average H, in bits/response 


S-R Pairing Task Equation 

N-M SP RT = 0281 + 0:183 (HD 
N-M D RT = 0:317 + 0:180 (HD 
N-V SP RT = 0:485 + 0:011 (М) 
N-V D RT = 0:360 + 0:061 (Н) 
L-M SP RT = 0:229 + 0-111 (HD 
L-M D RT = 0:182 + 0:136 (HD 
L-v SP RT = 0267 + 0:205 (Н) 
LV D RT = 0:335 + 0:178 (HD 


Note.—N —numerals, L=lights, M=motor (key pressing), V —vocal, 
SP —sclf-paced, D= discrete. 


An average Pearson r between RT and Н, was obtained for all 
Ss who used a given S-R code under similar (serial or discrete) 
conditions. For one of the more compatible conditions (key 
Pressing responses to spatially arranged lights) and for both of 
the less compatible conditions the correlations were high (the 
average correlation was -+0:84). Thus, for these conditions, 
approximately 70 per cent of the variation in average RT is 
accounted for by the variations in H,. However, the average cor- 
relation between RT and H, was only -+-0-34 for the group tested 
under conditions in which vocal responses were made to numeri- 
cal stimuli; here the variations in H, account for only about 10 
per cent of the variations in R T. 


Effect of mode of information presentation 

The two modes of information presentation (discrete v. self- 
paced serial reactions) produced relatively small differences in 
performance. The linear relations between RT and H, were 
nearly identical within each of the four S-R pairings and the 
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differences between the four pairs of discrete and self-paced 
conditions in terms of the correlations of RT and H, were in no 
case statistically significant (P > 0-05 in each case). There were 
small differences between the discrete and self-paced serial reac- 
tions in both RT and H;, however, as shown in Figure 1. 


1:0) 


response time (s) 


0:60 


0:40 


0:20 


р 


=: 
2 


information transmitted per response (in bits) 


— M self-paced task 
——- discrete task. 


triangle numeral stimuli } open symbol = oral response 


circle light stimuli closed symbol = key-pressing response 


Figure 1 Reaction time as a function of information transmitted for four 
S-R codes and for self-paced versus discrete tasks 
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In the majority of cases the discrete reactions were made 
slightly slower and more accurately than the self-paced serial re- 
actions: these changes tended to counteract each other, however, 
since average H,/s was almost identical for the two conditions. 


S-R compatibility effects 

The most striking S-R compatibility effect is apparent from an 
examination of the slope constants for the linear equations of 
Table 1. In all cases the slopes of the functions relating RT and 
H, for the less compatible tasks are greater than are those for the 
most compatible tasks. Thus, differences in RT attributable to 
the use of different S-R codes are present when only two alterna- 
tives are used, but increase markedly as the number of alternatives 
(and H, per response) increases. 


Discussion 


The present results agree with those of previous investigations 
showing that RT is a linear function of H;. They also agree with 
previous studies (cf. Alluisi, Muller and Fitts, 1957) in indicating 
that average information transmission rates increase, within 
limits, as the size of the coding alphabet is increased. These 
results, it should be noted, are for relatively naive Ss whereas 
most previous studies have employed practiced Ss. 

Various forms of linear equations were fitted to the data col- 
lected here, including the form proposed by Hick in 1952, 
RT = b log (n--1), where л is the antilogarithm of H;. The best 
fit was obtained for the form used in Table 1, RT = a+b (И). 
This mathematical model offers the additional advantage of 
Providing estimates of RT as H, approaches zero. 


1. Simple RTs of five Ss (one male and four women) who were members 
of the laboratory staff were measured with the same apparatus used in this 
study. Means of 0-316 and 0:440 s were obtained for the key pressing and 
vocal responses, respectively, to the numerals; means of 0-207 and 0:311 s 
Were obtained for the same responses to the lights. The c,,5 of these means 
Were 0-008, 0-022, 0:001 and 0-010 s, respectively. Each mean lies between 
the discrete and the self-paced serial-reaction intercepts of the appropriate 
equations of Table 1. The relatively high absolute values for the RTs to 
numerals may reflect the rise times and lower intensities of the projected 
numerals; vocal R Ts include a slight lag time of the voice key. 
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Information transmission rate does not appear to be differen- 
tially affected by changes from discrete to self-paced seria] reac- 
tions. There was a tendency for the discrete reactions to be made 
more accurately but more slowly than the serial; however, these 
differences in H, and RT were small and compensating. Thus, 
the linear equations were essentially identical for each of the 
four comparisons. It appears, therefore, that the serial task, in 
which only the 0:15-5 machine lag intervened between Ss response 
and the appearance of the next stimulus, permitted as effective 
information processing as did a rest interval of 8 s followed by 
a 2-s warning signal, 

Marked differences in the values of the intercept (a) and slope 
(b) constants were found as a function of the S-R coding com- 
binations employed. In view of the number of previous studies 
that have obtained similar S-R compatibility effects, including 
studies comparing vocal and motor responses (Alluisi et al., 1957; 
Muller, 1955), it is clear that human information processing time 
is highly dependent on the manner in which stimuli and responses 
are coded as well as upon the degree of stimulus and response 
uncertainty. The importance of such compatibility effects is 
further indicated by results that show these effects to persist even 
after considerable training (e.g. Fitts and Seeger, 1953) and to 
become increasingly important as the size of the coding alphabet 
is increased (as shown here). There is also some evidence that 
the importance of compatibility effects may increase with age 
(Suci, Davidoff and Surwillo, 1960; Welford, 1958), and several 
writers have proposed that the magnitude of these effects increases 
as the level of task stress increases. 

The results obtained in the vocal-response-to-numerals task 
are basically different from the other findings. In both the discrete 
and the self-paced serial task, average RT was only slightly 
affected by the amount of information transmitted (H,) per 
S-R event. As a matter of fact, RTs remained approximately 
constant for the 2- and the 3-bits/stimulus levels of stimulus 
uncertainty. 

The failure of RT to decrease significantly as the number of 
alternative stimuli was reduced has been found (a) in studies that 
required S to read words with the number of possible stimulus 
words varying over a range from 2 to 256 (Pierce and Karlin, 
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1957; Sumby and Pollack, 1954), (b) in a study wherein S was 
trained for 45,000 trials on a task requiring finger responses to 
lights (Mowbray and Rhoades, 1959) and (c) ina study in which 
Ss made finger responses to vibratory stimuli applied to the finger 
tips (Leonard, 1959), From a consideration of the tasks used in 
these studies, the common finding may be given a plausible 
explanation in terms of the extended learning involved. It seems 
reasonable to expect that the stronger the habit strength of the 
S-R combinations required in a specific task, the less steep should 
be the function relating RT to H;. 

However, in the present study, there is little a prior? basis for 
assuming stronger habit strength for numeral-vocal responses 
than for light-finger responses, i.e. for predicting less effect of H, 
per response for the former type of coding. It appears possible, 
as an alternative, that the effects of learning may be reflected in 
the ability to deal effectively with particular sets of stimuli in 
combination. In the present case the 4-7 and 3-4-7-8 combina- 
tions of numerals may have been so incongruent with S’s previous 
experience in dealing with subsets of numerals that he responded 
as though the entire alphabet of ten arabic numerals was being 
presented. Such a cognitive set presumably would not operate in 
the case of the lights, since there is no a priori reason to expect a 
set of any particular size. 


Summary 


This study investigated the effects on information processing of 
(a) the use of self-paced serial reactions v. discrete reactions, and 
(b) the use of different stimulus and response codes (both numerals 
and lights were used as stimuli, and both vocalizations and finger 
movements were used as responses), and (c) the use of three levels 
of stimulus uncertainty (ranging from 1 to 3 bits/stimulus in unit 
steps). These several conditions, and the use of naive Ss, provided 
further tests of the generality of the function, RT = a+b (A;). 
The results were: (a) Reaction time (RT) was an increasing 
linear function of the average amount of information transmitted 
(H,) per stimulus-response event for three of the four S-R pair- 
ings employed. The R Ts obtained for vocal responses to arabic 
numerals, however, were affected only slightly by number of 
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alternatives in the range from 2 to 8. (b) The self-paced and dis- 
crete tasks gave very similar results. There was a slight tendency 
for the discrete reactions to be made more accurately but more 
slowly than the self-paced serial reactions, but the differences 
both in RT and H, were small and compensating. The linear 
functions relating RT with Н, were essentially identical for the 
two modes of stimulus presentation. 

These findings are interpreted as indicating the importance of 
overlearning in determining S-R compatibility effects. The find- 
ings also suggest that S's familiarity in dealing with specific 
subsets drawn from familiar alphabets may also affect his in- 
formation-handling rates, when restricted subsets of stimuli and 
responses are used. 
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On Prediction in Skilled Movements 


E. C. Poulton, ‘On prediction in skilled movements’, Psychological Bulletin, 
vol. 54, 1957, pp. 467-78. 


No attempt will be made to give a detailed account of the role of 
prediction in a large number of specialized manual skills. Instead 
there will be a discussion of prediction in a single activity, pur- 
suit or two-pointer tracking in one dimension. Then it will be 


shown how similar principles are involved in many everyday 
skills, 


Pursuit Tracking 


Pursuit tracking has two aspects which are common to a number 
of skills. First, it involves the acquisition of a moving target, as 
when an operative picks an object off a moving conveyor belt. 
Reaching for a stationary object can be regarded as a special 
case of this more general form of acquisition. And, second, 
pursuit tracking involves matching a function relating position 
and time, as in following a moving object with binoculars. Most 
of the other common examples of this kind of matching differ in 
two ways from conventional tracking: the task is self-paced, 
instead of paced by the movement of the target; and the path of 
the target can be seen ahead. In some cases it is the target path 
whose movement has to be controlled, as in following a contour 
with a sewing machine or power-operated fretsaw. In other cases 
the operative moves along a stationary target path, as in steering 
a car in traffic or along a winding road, following the contour. 
of a window pane with a paint brush, and tracing the contours 
of a picture with a pencil. 

Pursuit tracking in one dimension can be recommended as a 
task for study in the laboratory on two counts. First, the target 
movement or input can be varied along a psychologica! dimen- 
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sion from simple and repetitive to more complex and irregular. 
Two other dimensions of target movement, frequency and 
amplitude, can also be varied independently. And, second, 
both the input and the response can be recorded as wavy lines 
on the same moving paper tape, since they are restricted to a 
single spatial dimension. This record can then be analysed in a 
number of different ways, and, as Craik has shown (5, 6), the 
nature of the match or mismatch between the response and the 
input enables us to specify some of the psychological processes 
which are involved in the performance. 

We shall not discuss rotary-pursuit tracking, for it has neither 
of these advantages. The input is fixed; and the only measure 
which is normally taken of the performance is whether S’s stylus 
is touching the target area or not. Ammons (1) has described in 
detail the techniques of the different experimenters in this field. 


. We shall also not consider compensatory or one-pointer track- 


ing, for it demands more complex computations than are 
required in most other manual skills. A compensatory display 
shows S only an error function, which is the resultant of the 
input and his response movements. He receives no direct indica- 
tion of the input, and the only direct indication of his response 
movements comes from the kinesthetic and other bodily sensa- 
tions which they produce (31). 


The rapid acquisition of a stationary target 

A rapid aiming movement which is completed in about 0:5 s 
cannot contain a voluntary correction, for a voluntary movement 
has a reaction time (R T). Under the optimal condition where S is 
ready and waiting for the signal for the movement, this RT is 
about 0:2 s, Similarly, the voluntary correction of a movement also 
has.a RT. Vince's results on the reactions to pairs of successive 
signals suggest that the sooner the voluntary correction is made 
after the initial movement, the longer this R T will be (40, table 1). 
Hick has shown that when S is half expecting to have to make a 
voluntary correction, and the signal which indicates that a 
Correction must be made occurs as he starts his initial move- 
ment, the correction has a RT of about 0:3 s (21). If we add the 
0-2-s latency of the original aiming movement to the 0:3-s latency 
of the voluntary correction, we obtain a total delay of 0-5 s. 
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This is the minimal time after the signal for an aiming move- 
ment, at which a voluntary correction of that movement could 
start to become effective. The commencement of a voluntary 
correction even as soon as this, assumes that 5 was morc or less 
prepared for it, and took the decision at the time that the original 
aiming movement began, before the movement got under way. 

It follows that a rapid aiming movement should be unaffected 
by visual monitoring, for there is no time to use this visual 
information. This hypothesis has been tested by Taylor and 
Birmingham (see 3, pp. 1-2) who used an oscilloscope display 
and a single practised acquisition movement. They compared 
three conditions: (a) visual monitoring of the response on the 
oscilloscope; (b) an unexpected failure of visual monitoring — the 
position of the spot on the oscilloscope was unaffected by the 
response; and (c) an unexpected reversal of the normal control- 
display relationship, such that the usual response made the spot 
move in the opposite direction. They found that in all three 
conditions the characteristics of the movement of the first 
attempt at acquisition were the same, although in condition (c) 
this movement was followed in due course by a response in the 
correct direction. 

The decision to make a rapid aiming movement thus involves 
a prediction. As it were, S says to himself: *if I contract such and 
such muscles to such and such an extent, I will end close to the 
target.” This appears to be the most elementary form of pre- 
diction shown in skilled movements. It will be called effector 
anticipation, and is listed in the top row of Table 1. The more 
obvious forms of prediction discussed later can be looked upon 
as extensions of this elementary form. To many psychologists 
this may not appear to involve prediction at all, only simple 
learning. But the point is that the use of any learning involves 
prediction of a kind. In a familiar situation S makes a particular 
response because in some sense he *knows' from his past experi- 
ence that it should turn out to be correct. 

In the rapid acquisition of a stationary target some over-all 
time for the muscular contractions has also to be specified. But 
this time is not critical unless S has been told that he must 
acquire the target as rapidly as possible, or at some particular 
instant. For the sake of brevity and simplicity of exposition, 
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Predictions Required in Pursuit Tracking 


Task Predictions Name 

Acquisition 

Rapid acquisition of a (a) Prediction of nature Effector 

stationary target and size of muscular anticipation 
contractions required 

Rapid acquisition of a (a)+(b) Prediction of Receptor 


moving target whose 
future track is dis- 
played ahead 


duration of response 
movement 


anticipation 


Rapid acquisition of a 
moving target whose 
track is controlled by 
known constants or 
Statistical properties 


(a)+(b)+(c) Prediction 
of future position of 
target at time of com- 
pletion of response 
movement 


Perceptual 
anticipation 


Matching 

Matching the movement 
of a target whose 

future track is dis- 
played ahead 


Matching the movement 
of a target whose track 
1s controlled by known 
constants or statistical 
properties 


(1) Prediction of nature 
and size of response 
adjustment required 
+-(2) Prediction of 
duration of response 
adjustment 


Receptor 
anticipation 


()4-(2) 4- (3) Prediction 
of future movement of 
target at time of com- 
pletion of response 
adjustment 


Perceptual 
anticipation 


we shall not consider these special cases. We may simply note 
that by suitable experimental procedures it would no doubt be 
Possible to produce situations which would require subdivisions 
of the relatively simple broad classifications which we are going 
to present. 

A rapid aiming movement may be followed by one or more 
Voluntary corrections, as it becomes clear that the present move- 
ment will not hit the target exactly. These voluntary corrections 
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are often beautifully illustrated by records from step-tracking 
experiments, such as those of Vince (40, fig. 3), Searle and 
Taylor (37, fig. 3), Ellson and Wheeler (14, fig. 2), Craig (4, 
fig. 2), and Slack (39, fig. 2). In addition, a rapid aiming move- 
ment may involve several corrections at the level of the spinal 
reflex. For as Woodworth has pointed out (42, p. 116), the knee 
jerk, which is one of the classical instances of a reflex correction, 
has a latency as short as 0-03 to 0:04 s. It is only voluntary move- 
ments with which this paper is concerned. 

The lengthening of the RT to the second of a pair of signals 
has been called ‘psychological refractoriness’. Welford (41) has 
cited the evidence for this phenomenon up to 1950, and since 
then there have been papers by Elithorn and Lawrence (10) and 
Davis (7, 9), and also some comments on the Elithorn and 
Lawrence paper (8, 22). Refractoriness can be demonstrated 
under two distinct conditions, which are often confounded (28): 
(a) The S may not expect the second signal; (b) the second signal 
may follow the first so closely that he has no time to prepare for 
it, whether he expects it or not. Aiming responses made without 
adequate preparation also tend to be less accurate than well- 
prepared aiming responses (28, р. 104; 33, table 1). 


The rapid acquisition of a moving target 


As has been pointed out by Young (43), this is a more complex 
process than acquiring a stationary target, because the target 
will have moved before S has completed his response movement. 
For acquisition to be accurate, he has therefore to know in 
advance the position which the target will occupy at the time his 
response movement finishes. In addition, as with a stationary 
target, he has to make a prediction about the nature and size of 
the muscular contractions required to reach this point. There are 
two possible sources of information which can be used to deter- 
mine the future position of the target. 

First, the future track of the target may be displayed ahead. 
Examples are certain laboratory tasks which simulate a simplified 
form of driving. Thus in one experiment (32, harmonic tracking 
task), S was given a ball-point pen which could be moved against 
a transparent bar. He had to keep the point on a curved line 
drawn on a paper tape. The tape moved at a constant speed at 
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right angles to the bar, and the curved line on it could be seen for 
varying distances ahead of the bar. Accurate acquisition is pos- 
sible in these circumstances, provided S can predict how long his 
response movement will take. For he can then aim at the point 
ahead which the target will have reached as his response move- 
ment is completed. This whole procedure has been called receptor 
anticipation (30, p. 222), because the receptor mechanism has to 
function ahead of the response mechanism. It is listed in the 
second row of Table 1. Receptor anticipation may be looked 
upon as a special case of the more general receptor-effector 
Span, such as the eye-hand span in touch-typing from copy. It 
is a special case because it involves more accurate judgements of 
timing than are usually required. 

Second, the future track of the target may not be displayed 
ahead, but the track may contain constants or. statistical pro- 
perties which are known to S from past experience (31, 35). 
Thus the target may be traveling in a predictable direction at a 
predictable rate. Examples are aiming just ahead of an object 
Which is traveling at a familiar speed, in order to pick it offa 
moving belt or rotating table, when the object can be seen but the 
belt or table is screened from view. For acquisition to be accurate 
under these conditions, S has to make the two predictions men- 
tioned previously, and one additional prediction. He must now 
predict the position which the target will occupy as his response 
movement is completed. The whole procedure has been called 
perceptual anticipation, to distinguish it from the rather simpler 
receptor anticipation (30, pp. 222-3). It is listed in the third row 
of Table 1. 


Matching the movement of a target 
Matching the movement of a target without a response lag can 
be looked upon as the continuous acquisition ofa moving 
target, It is the more general case, of which a discrete acquisition 
is a special instance. The predictions required are similar to those 
discussed above, and are listed in the bottom half of Table 1. 
If matching were carried out by a series of rapid acquisition 
movements, S would be in alignment approximately every 0-5 s, 
but between these times he might be ahead of or behind the target. 
In practice, when receptor or perceptual anticipation is possible 
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in pursuit tracking, the experienced S tends to match the rate of 
movement of the target, or even its acceleration. If he matches 
the target rate, he adjusts the rate of his movement to match the 
known or predicted rate of the target at the predicted time at 
which his decision will have been carried out. He may at the 
same time attempt to correct a small mismatch in position, by 
selecting a rate slightly greater or less than the known or pre- 
dicted rate of the target. But if the target has a constant rate, 
Ellson, Hill and Gray have found that small misalignments may 
continue for several seconds at a time, although there is virtually 
no mismatch in rate (13). This is one line of evidence that the 
practised S can match the rate of the target. 

Another line of evidence comes from Elkind (11, p. 43), who 
used noise inputs with various spectral shapes and cut-offs. 
With most inputs he found that the magnitude of the closed- 
loop transfer function increased at high frequencies. This, he 
stated (11, p. 41), *is characteristic of systems that respond to 
input derivatives’. Additional evidence is supplied by Senders 
(38), who appears to have used inputs composed of two sinusoids. 
He found that display conditions which supplied the greatest 
amount of information about the target rate tended to give the 
best time-on-target scores, 

In pursuit tracking with a simple harmonic input of 60 c.p.m., 
a difference in phase or amplitude, or a constant error in position, 
between the target and response pointers was sometimes found to 
have arisen gradually (34). When the difference became large 
enough, it was corrected. Somewhat similar results have been 
reported by Noble, Fitts and Warren (27). These errors can be 
looked upon as due to more or less constant mismatches in 
various rate functions. They suggest that S was predominantly 
matching the acceleration of the target, and was neglecting small 
differences in rate until they resulted in appreciable errors in 
position. 

The nature of the tracking performance immediately following 
a blink (which completely obscures vision for about 0-25 s [23]) 
also suggests that S can respond to the acceleration of the target 
(36, p. 65). For theoretical errors calculated on the following two 
assumptions — (a) that S stopped initiating any movement while 
blinking, and (5) that he stopped initiating any change in rate of 
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movement while blinking — were in both cases much greater than 
the observed errors. 

However, when Gottsdanker (16, 17, 18) instructed his Ss 
to extrapolate accelerating and decelerating target movements, 
he found that they extrapolated the rate at which the target 
moved a little before it disappeared, but not its acceleration or 
deceleration. This was presumably due to lack of adequate 
practice with knowledge of results (K ORs), For after only two 
practice runs with each course under a condition which could 
have afforded KORs if S had been aware of it (16, tracking a 
completed course), some response to acceleration was found. 
In a more recent review (19) Gottsdanker wrote as if he might be 
aware of this criticism, although he did not mention it. For he 
outlined a program of research on the perception of acceleration. 

Where it is possible to match the acceleration of the target 
reasonably accurately, the mean tracking error is likely to be 
reduced. For a small error in acceleration produces initially 
only a small difference in rate between the two pointers. This 
difference in rate has to be left uncorrected for a time before it 
results in an appreciable error in position. 

When the acquisition of a target is to be followed by matching, 
the two processes may be blended together. Instead of acquiring 
the target as quickly as possible, S can acquire the target more 
gradually. He may move at a rate which is intermediate between 
the fastest possible rate of acquisition, and the present rate of 
the target. Such a compromise reduces the acceleration com- 
ponent in the response. As we say, it makes the performance 
smoother, But smoothness is achieved at the price of a slightly 
greater error averaged over time. The use of these compromise 
responses in pursuit tracking is shown clearly when the two- 
pointer display is made invisible for a period of time. For on the 
reappearance of the display S is often confronted with a quite 
considerable discrepancy between the positions of the two 
pointers. In these circumstances it has been found that the 
practised S generally makes a compromise response (34, p. 191). 

Matching with an average lag of practically zero has been 
reported in pursuit tracking when the future track of the target 
was visible ahead (32, table 3). A view of the track for 0:4 s 
ahead was found to be about as effective as a view for 8-0 s 
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ahead. But a view for only 0-3 s ahead resulted in a significant 
increase in mean lag. Ellson and Gray (12, figs. 2 and 3) founda 
mean lag (or negative phase shift) of practically zero in pursuit 
tracking with predictable simple-harmonic inputs of either 
30 or 60 c.p.m. In this case there was no preview of the target 
track. A certain amount of practice is required before the mean 
lag is reduced to practically zero under these conditions (30, 
fig. 4). 

If the track of the target is neither displayed ahead nor pre- 
dictable, S’s responses will tend to be at least one RT behind the 
target. In these circumstances he has two extreme courses of 
action open to him. Either he can attempt to follow the track of 
the target more or less exactly, but with a relatively large and 
consistent lag. Or he can attempt to reduce the mean lag to his 
RT, by reacting as quickly as possible to each obvious discrep- 
ancy between the positions of the two pointers. This latter course 
of action reduces the mean error, but also reduces the smooth- 
ness of the response record. In practice, the mean performance 
of a group of Ss lies somewhere between these two extreme 
courses of action (32, table 3). 


Everyday Skilled Movements 
Smooth complex movements 


Prediction plays an important role in smooth complex move- 
ments. We will consider first a complex movement which does 
not have to fit the environment at all, e.g. drawing the letter ‘S° 
in space. The $ does not have to wait until he has completed the 
first component of such a movement (whatever a component is 
taken to be), before he initiates the next component. For he 
knows from previous experience the approximate position he 
will have reached at the end of the first component, and the 
approximate time it will have taken him. He therefore initiates 
the next component, which will carry him on from this point, 
before he has ever reached it. He can thus make a single smooth 
movement, instead of a succession of simpler movements 
separated by short pauses. 

Two predictions are involved for each component of such a 
smooth complex movement. First, a prediction has to be made as 
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to where the component will end. If the movement is regarded 
as aiming at a series of imaginary targets, this prediction can be 
put the other way around: S has to predict the nature and size of 
the muscular contractions required to reach the imaginary target 
which is the endpoint of the component. And, second, he has to 
predict the time at which the endpoint will be reached. These 
predictions are listed in the fourth row of Table 2. A good deal 


Table 2 
Predictions Required in Everyday Skills 
Analogous 
Movement Prediction Name Verbal Task 
Discrete aiming (a) Prediction of Open skill Reading aloud a 
nature and size of without word ona 
muscular advance memory drum 
contractions information 
required 
Variable smooth (a)+(6) Prediction of | Open skill with Reading aloud 
complex duration of each advance from 
component information manuscript 
Relatively (a)-- (b)+ c) Closed skill with Reciting aloud 
invariant Prediction of predictable 
smooth complex future requirements requirements 
Relatively (a)+ (b) only Closed skill Rehearsing 
invariant without silently 
Smooth complex external 
requirements 
Aiming with (1) Prediction of Open skill with Amending the 
amendment unsuccessful exacting pronunciation 
outcome of positional of a difficult 
present response requirements foreign word 


(2) Prediction of 
future position and 
movement of 
responding member 
in one RT 

(3) Prediction of 
nature and size of 
Tesponse adjustment 
required at this 
point 


Of practice is needed, both in order to ensure that each com- 
Ponent movement is made with sufficient precision to have a 
Suitable and reasonably predictable endpoint in space and time, 
and so that S can learn the range within which this endpoint will 
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fall. In our example of drawing an S, most of this practice pre 
sumably occurred on first going to school. 

Asmooth complex movement of this kind can be called a closed 
skill without external requirements. The term ‘closed’ was 
selected (29, p. 4) because the performance can be carried out 
successfully without reference to the environment. A somewhat 
analogous verbal task is rehearsing to oneself an overlearned 
sequence of words or nonsense syllables. (A closed skill does not 
need to be a single smooth complex movement. Thus a succession 
of taps, each separated by periods of inactivity, may also be a 
closed skill without external requirements. But in this paper we 
are concerned with periods of more or less continuous movement, 
not with periods of inactivity.) 

A closed skill can be made to fit the environment, provided the 
requirements are not too exacting, and can be predicted in 
advance. An example is dealing a pack of playing cards into four 
piles. This can be done by almost any experienced player with his 
eyes closed. For he has only to ensure that the cards land face 
downwards, that each pile receives a card in turn, that the piles 
are located on the table, and that they do not run together. 
Except for these restrictions, the exact position of each card does 
not matter, and the task is unpaced. 

A closed skill of this kind can be looked upon as the more 
general case, of which a closed skill without external require- 
ments is a special instance. The same two predictions have to be 
made about each component as in a closed skill without external 
requirements. And, in addition, a prediction has to be made 
about the requirements of the environment. These predictions 
are listed in the third row of Table 2, under the title ‘Closed skill 
with predictable requirements’. Certain of the imaginary targets 
of the closed skill without external requirements have simply 
become real. Practice is again necessary. Reciting aloud an over- 
learned sequence is a somewhat analogous verbal task. 

Lincoln (26) has published a study in which one condition 
involved the learning of a closed skill with predictable require- 
ments. This study differed from our example of dealing a pack of 
cards, in that it was the rate of a movement which had to be 
learned; the nature of the movement can be looked upon as 
either predetermined or irrelevant. A handwheel had to be 
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turned for periods of 15 s at a rate of 100 r.p.m. In the relevant 
condition the only knowledge of results was given at the end of 
each period, when S was told his average error. Lincoln found 
that, after the first few trials, Ss trained in this way performed as 
accurately as Ss who had the additional advantage of seeing all 
the time how their rate of turning deviated from the required 
rate. Another study used pursuit tracking with a simple-harmonic 
input of 60 c.p.m. (34). In this case both the nature and the 
rate of the movement had to be learned. It was found that, 
after a relatively short learning period, S could sometimes 
respond for 5:0 s with his eyes shut without any appreciable 
effect upon his performance, 

A closed skill with predictable requirements needs to be 
checked intermittently against the environment. This is because 
with the passage of time the performance tends gradually to 
drift in its positioning and/or timing from the optimal require- 
ments. The less exacting the requirements are, and the more 
practiced the S is, the longer will be the time for which the skill 
can proceed without a check. In the two examples we have just 
considered, the performance only proceeded for 15:0 and 5:0 s 
respectively before a check was made. In the case of tracking with 
the eyes shut, an error in phase had generally developed by the end 
of the 5:0 s, as a result of a small error in wave length (34, p. 192). 

Closed skills may be contrasted with open skills. An open skill 
is a skill which has to fit either an unpredictable series of environ- 
mental requirements, or a very exacting series, whether pre- 
dictable or unpredictable. Provided (a) that the unpredictable 
Series of requirements is not too exacting, (b) that each require- 
ment is presented either before S is ready for it, or before it 
needs to be considered, and (c) that the requirements are not 
separated by spells of inactivity, a smooth complex movement 
can still be made to fit the series after practice. For once S has 
apprehended the next one or more requirements, he can proceed 
in the same fashion as in a closed skill with predictable require- 
ments, The two predictions involved are listed in the second row 
of Table 2, under the title ‘Open skill with advance information’. 
Reading aloud from a manuscript 

Thereare certaincharacteristic di 
With predictable requirements and an Open 5 


is a somewhat analogous task. 
fferences between а closed skill 
kill with advance 
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information. Leonard found that with a four-choice self-paced 
task, an open skill with advance information could not be per- 
formed as rapidly as the comparable closed skill (25). He attri- 
buted this to the need to take in the advance information in the 
open skill. On the other hand, when the relative timing of the 
responses (or changes in response) was all important, a condition 
which allowed S to see the future requirements all the time 
resulted in greater speed and accuracy than conditions in which 
the future requirements had to be remembered, or deduced from 
previous requirements (35). 


Serial aiming movements 


The requirements of the environment may be relatively un- 
exacting, but the next requirement may not be presented until 5 
is ready for it, and it needs to be considered immediately, In this 
case the aiming movement which corresponds to each require- 
ment must be separated from the aiming movement which 
corresponds to the next requirement by a pause at least as long 
as an RT. Each aiming movement is similar to the rapid acquisi- 
tion of a stationary target in tracking. The only prediction in- 
volved is thus of the nature and size of the muscular contractions 
needed to hit each target. This type of movement is listed in the 
first row of Table 2, under the title ‘Open skill without advance 
information’. An analogous verbal task is reading single words 
presented one at a time on a memory drum. (If S has been in- 
structed to respond as quickly as possible after the presentation 
of the signal, the over-all time for the muscular contractions has 
also to be included in the prediction. For simplicity of exposition 
this special case is not covered by Table 2.) 

Leonard (24) has compared open skills with and without 
advance information. He used both a two-choice task in which 
movements wereconstrainedtoa triangular path,anda four-choice 
task with a free-moving stylus. In both tasks S was instructed to 
work as fast as he could, while making as few errors as possible. 
Leonard found that with advance information the component 
movements tended to merge into each other; more time was spent 
on moving and less time on pausing. Whereas without advance 
information the component movements tended to be Separated 
by pauses; less time was spent on moving and more time on 
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pausing. Thus greater smoothness was possible with advance in- 
formation. Leonard noted (24, p. 148) that to appreciate this 
difference fully it had to be observed, or, better still, experienced. 
The changes in movement time were smaller than the changes in 
the time spent on pausing, and hence the tasks were also per- 
formed rather more quickly with adyance information. 

When the positional requirements of the environment are more 
exacting, two or more aiming movements may be needed for 
each target, owing to the residual noise in the response system. 
With a relatively unpractised S, these successive movements may 
be separated by RTs. They are thus similar to the discrete aiming 
movements which we have just discussed. But with practice the 
successive aiming movements tend to merge into each other, so 
that it is often difficult to tell exactly where a movement would 
have ended if it had not been amended (33, p. 99). 

The amendment of a movement to make it hit a target involves 
a number of predictions. First, S had to predict that the move- 
ment will not hit the target without amendment. Secondly, when 
he is about to amend the movement, he has to predict approxi- 
mately where his responding member will be in one RT, and what 
it will then be doing, And finally, he has to predict the nature and 
size of the change in movement which is required at this point in 
order to hit the target. These predictions are listed in the bottom 
row of Table 2, under the title ‘Open skill with exacting posi- 
tional requirements’. Amending the pronunciation of a difficult 
word in a foreign language is an analogous verbal task. (A pre- 
diction related to the duration of the amending response has also 
to be included if S is working as quickly as possible.) 

An open skill with exacting positional requirements employs a 
relatively variable sequence of components in order to achieve a 
highly precise endpoint. It can be contrasted with a closed skill, 
which employs a relatively invariant sequence of components, but 
achieves only a less precise endpoint, This is because the closed 
Skill does vary to some extent, and this variation is not corrected 
as is the case in the open skill. 


Mixed movements 

Different parts of a cycle of operations may demand different 

degrees of precision. Where great precision is not necessary, the 
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successive parts which are related to known requirements can be 
welded into a single, smooth, complex movement. But a part 
which demands great precision will always tend to need some 
additional aiming. Thus a cycle of operations may involve both 
smooth complex movements and serial aiming movements. 

An example of a mixed movement is given by Golby, Annett 
and Kay (15). They recorded the performance of practised Ss 
carrying a peg 8-0 in and putting it into a hole, by means of high- 
speed cinematography. The Ss had to work as quickly as they 
could. As the size of the hole was reduced, the time taken by the 
first 7-5 in of the carrying movement was found to remain 
practically constant. It was only the time taken by the last 
0:5 in of the movement which increased appreciably (15, fig. 1). 
In our terminology, the first 7:5 in of the movement was an open 
skill with advance information, or even a closed skill with pre- 
dictable requirements, while the last 0:5 in was an open skill with 
exacting positional requirements. 

Golby, Annett and Kay also employed the contact method of 
recording movements, which has been used extensively by Smith 
and his collaborators (20). As the size of the hole was reduced, 
this method showed an increase in both the movement-loaded 
and the positioning components of the task (15, fig. 1). Clearly 
this method of recording confounded the low-precision carrying 
stage with part of the final high-precision aiming. In view of 
these findings, the authors claim that the cinematograph method 
of recording movements can give the greater insight into their 
nature, even though it does involve a good deal more work in 
analysing records. 

Most of the sensorimotor skills of industry must start at the 
beginning of training as a series of aiming movements. Where an 
operation needs great precision, or where a requirement cannot 
either be learned or apprehended in advance, there is a limit to 
the amount of smoothing which is possible, But where less pre- 
cision is necessary, and the requirements can be learned or appre- 
hended in advance, each series of aiming movements may 
become in time a single, smooth, complex movement. 

Closed and open have been used in a different sense from the 
closed and open loops of the electrical engineer. In the engineer's 
terminology, both closed and open skills involve closed loops 
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within the effector mechanism, i.e. kinesthetic feedback, at least 
at the level of the spinal reflex. If we consider the over-all input- 
output relationship, only the open skill with exacting positional 
requirements necessarily works closed loop on the input, and 
here there is a delay in the feedback loop corresponding to S’s 
RT. All the other skills listed in Table 2 with external require- 
ments may work open loop on the input for longer or shorter 
periods of time. Our distinction between closed and open skills 
corresponds to Campbell’s distinction between * body-consistent ” 
and ‘object-consistent’ responses respectively (2, p. 334). In his 
paper, Campbell has discussed the relationship of this distinction 
to other theoretical viewpoints. 


Summary 


Table 1 shows three kinds of acquisition which have been studied 
in the field of pursuit or two-pointer tracking. It also lists the pre- 
dictions which have to be made in order to carry out each task 
successfully, and suggests names. Matching a moving target is 
a more general case of the acquisition of a moving target. Instead 
of simply matching positions, the practised S tends to match 
rates or even accelerations. 

Table 2 presents a classification for everyday skills. It also 
Shows the predictions which are needed in each case, and suggests 
à terminology. Many manual operations probably contain as 
components two or more of the kinds of skill listed. 
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The Information Capacity of the Human Motor System 
in Pursuit Tracking 


Excerpts from E. R. F. W. Crossman, ‘The information capacity of the 
human motor system in pursuit tracking’, Quarterly Journal of Experi- 
mental Psychology, vol. 12, 1960, pp. 1-16. 


Introduction 


The usual experimental pursuit-tracking task consists of a display 
with a pointerwhich moves from side to side providing a course or 
input, i(t). The subject has a control connected to a controlled 
member, a pointer or pen, which produces a track or output, 
o(t), and his task is to keep the controlled member aligned with 
the course pointer so that the error, e(t), is a minimum where 


e(t) = o(t)—i(t). 1 


In engineering terms the subject is then part of a closed-loop 
control system or servo-mechanism whose function is to *follow- 
up’ the course-pointer. There is a well-developed mathematical 
theory of linear servo-mechanisms and one of its central concepts 
is the transfer function, which gives o(t) as a function of e(t) and 
its differential coefficients; hence several workers have attempted 
to specify the human transfer function and they have had some 
success (Hick and Bates, 1951; North, 1950). Others (e.g. Fitts, 
Noble and Warren, 1955) thinking along similar lines have 
measured subjects’ “frequency response’ and ‘phase lag? when 
following sinusoidal inputs. However, this approach does not 
take account of the fact that the human subject has the ability, 
not shared by engineering control devices, to learn the pattern 
of the course and hence predict ahead, a fact which has been 
demonstrated by Poulton (1952, 1957) and called by him *рег- 
ceptual anticipation’. Nor does it allow for his ability to behave 
at will as an open-chain controller, by attending to the course 
itself rather than to the error, or to select certain parts of the 


course for special attention. 
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The latter aspects of performance can only be taken into 
account by considering the statistical rather than the functional 
properties of input, output and error, a step suggested by North 
(1950) but not followed up experimentally. Information theory is 
the natural tool to choose for this purpose, and one is led to 
ask, not what is the output as a function of the error, but at what 
rate is information transmitted from input to output, as a func- 
tion of the input entropy. The important quantities to study are 
not then the actual functions i(t), o(t) and e(t), but the time- 
averaged distributions of their values, p(i), p(o) and рії, о), and 
the entropies H(i), H(o) and H(i, o) which measure their pre- 
dictability. The subject’s performance is measured by the rate R 
at which he can accept information from the course and repro- 
duce it as track where 


R= H(i)^- H(o)— H(i, о). 2 


The quantities in equation 2, being parameters of a continuous 
signal or ensemble of signals, must be handled according to the 
theory of continuous information, which diflers in important 
respects from the discrete theory hitherto chiefly used in psy- 
chology. 


The Theory of Continuous Information 
(a) The dependence of information rate on the choice of units 


In a discrete information system the entropy of a signal depends 
only on the relative frequencies with which its different states 
Occur, but in a continuous system it depends also on the size 
of the step, unit, grouping interval, or quantum used to measure 
it, increasing with the smallness of this unit (see Shannon and 
Weaver, 1949, chap. HI). However, provided that all the entropies 
are computed in the same-terms and that the unit is small com- 
pared to the finest detail in the probability distribution of the 
variable being considered, the rate is independent of it. 

If the unit or grouping interval is too large, genuine fine struc- 
ture may be blurred out and the rate will be underestimated, But 
if it is too small, a large sample of performance is needed to give 
a good estimate of the probability distribution. If the distribution 
is estimated from a small sample, chance differences of 
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frequency due to sampling error appear as spurious fine detail 
and the rate is overestimated. The size of this bias has been calcu- 
lated (Draper, 1954) and a correction can be applied, but the 
choice of unit must still be a compromise between the two con- 
flicting requirements. For a given size of unit the rate has a 
definite maximum, equal to the input entropy. 


(b) Time sampling 


The theory of continuous information sets a limit to the fineness 
with which the time-scale need be divided up. Since variables in 
the physical world cannot change instantaneously, their suc- 
cessive values at short time intervals are highly correlated, which 
reduces the average information per value; and it has been shown 
(Shannon and Weaver, 1949, p. 53) that all the information con- 
tained ina given variable can be extracted by sampling it at least 
twice per period of the highest frequency W it can contain (i.e. 
its bandwidth), that is at intervals A, where 


1 


А = зу 


. 3 


кә 


(c) Distortion and noise 


A distinction is drawn in the theory between two possible 
sources of discrepancy between the input and output signals in a 
channel, namely distortion and noise, and only the latter is con- 
sidered as a loss of information. Distortion is any discrepancy 
due to a known systematic effect, and it can in principle be cor- 
rected at the receiving end without loss of information; the 
remainder, due to unpredictable effects, is noise which does cause 
loss of information. Distortion arose in the present experiments 
from delay in the subject’s response and from a loss of ampli- 
tude at high speeds, and both were corrected before calculating 
the rate. 

These and other theoretical considerations indicate that а 
tracking experiment must fulfil certain conditions if the calcu- 
lated information rate is to be meaningful. First, the course and 
the subject’s performance must both be statistically “stationary * 
during a trial, so that the averaging processes shall be valid. 
Second, the successive samples of the course must be, or appear 
to the subject to be, uncorrelated, so that the calculated input 


120 


Е. В. F. W. Crossman 


entropy shall fairly represent what he experiences. Third, the 
bandwiths of course and track must be known and similar, so 
that the proper sampling interval for both can be calculated 
from equation 3. Having obtained a record of the subject’s 
performance the following steps must then be taken to obtain 
his information rate: 


1. Measure the values of corresponding sample points of course 
and track at time intervals A chosen according to the bandwidth. 


2. Compute the frequency distributions of the sample values of 
course and track and their joint distribution, with a properly 
chosen grouping interval, allowing if necessary for distortion. 

3. Compute the input, output and joint entropies per sample 
point. 

4. Compute the rate per sample from equation 2, and hence the 
rate per sec. 


Experimental Method 


The apparatus used for the present experiments is illustrated in 
Figure 1. The main unit consisted of a paper drive and course 
generator driven by a variable speed velodyne motor, and the 
control was an 18-in vertical hand-wheel geared directly toa 
laterally moving pen, the controlled member. The subject stood 
facing a window within which he could see the course drawn by a 
hidden pen in black ink ona band of paper 8-5 cm wide and his 
own pen made a red line. The amount of the course visible 
above his pen, the preview, could be reduced by a sliding blind; 
both course and track were visible for a short distance below the 
subject’s pen. The hand-wheel had to be moved through about 
40° to cover the full width of the track and the subject’s hand 
movements thus extended about 6 in up or down in a slight 
curve; the wheel offered little resistance. For a trial the motor 
was started by a switch after a verbal warning, and the paper 
then ran at set speed until one cycle of the course generator had 
been completed, when it stopped automatically. Eight speeds 
were used; they are given in Table 3. 

The subjects were instructed to do their best to keep the pen- 
point on the course, but that if unable to follow all its variations 
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they were to attempt to reproduce it even if late. Four subjects 
were tested in the main experiment; each was given two practice 
runs, then one experimental run at each of the eight speeds with 
short (3 cm) and long (8 cm) preview, making sixteen runs in 
all, the conditions being taken in random order. For the first 


— sliding cover 


Figure 1 The apparatus used in the tracking experiment 


two subjects the course was a pair of black lines 1 cm apart, and 
for the second two a single line. The time variation of the course 
was generated by a pair of epicyclic gears driven from the same 
shaft as the paper drive, so that the course had the same shape on 
the paper at any speed. The gears had ratios of 5/3 and 3/4 and 
slightly different radii, the course function being: 


i(x) = 1-25 sin x +-1-10 sin x 41:27 sin D М 
where x = distance along the paper in units of 3-8 cm. 

The h.c.f. of the three frequency components in the course is 
4i; and it therefore repeated after respectively twelve, thirty-two 
and seventeen cycles. The apparatus automatically stopped after 
one such repetition, which constituted a run, There were ninety- 
four peaks (reversals of direction) during one run. 
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The course was intended to be an approximation to a band- 
limited random signal, in that the subjects were not supposed to 
be able to predict ahead by learning the pattern. Its autocorrela- 
tion function, which is very similar to a part of the course itself, 
is given in Figure 2, and it can be seen that the maximum correla- 


correlation 


Figure 2 The autocorrelation function for the course used 


tion іп the first 25 ст is r = +-0-64; r does not reach unity until 
at the end of one complete cycle, so that subjects cannot in 
principle improve their performance greatly except by learning the 
Course as a whole, which did not appear to happen. It was there- 
fore considered reasonable to regard the course as unpredictable 
over any range greater than 2 cm. 


Analysis of Performance 


The bandwidth of the course was taken to equal the highest 
frequency present in it, whose wave-length was 8:8 cm on the 
paper; by the sampling theorem, equation 3, it would therefore 
be sufficient to sample its value every 4-4 cm. Since the subject’s 
finite response time always caused the track to lag behind the 
Course, and it was desired to correct this distortion by com- 
paring them at equivalent rather than simultaneous points, it was 
necessary to have readily recognizable sample points. The 
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Successive peaks on the course were spaced 2-5 to 4 cm apart 
and they were therefore chosen as sample points, being both 
recognizable and slightly less far apart than the maximum 
permissible according to theory; thus there were ninety-four 
sample points per run. 

It can be seen from the autocorrelation diagram (Figure 2) 
that the positions of successive course samples are correlated at 
about r = —0-4. While the subject could in principle derive 
some help from this correlation, the calculation of input entropy 
has been based on the assumption that they were independent, 
i.e. that the entropy depended only on the probability distribu- 
tion of sample values of the course. This distribution (Figure 3) 


0 


a 
10cm 


Figure 3 The amplitude distribution of course samples (94 samples; 
group interval 4 cm) 


was roughly rectangular; with a grouping interval of 4 cm there 
were sixteen groups in the maximum excursion of 7 cm, The 
input entropy was therefore approximately log, 16 or 4-00 bits 
per sample, though the value calculated from the actual dis- 
tribution is 3-91 bits. The choice of 4 cm as grouping interval is 
equivalent to a choice of + 4 cm as the criterion of fidelity in 
performance, so that a maximum of 3-91 bits could be trans- 
mitted per sample if the subject were to keep his error to less 
than 4 cm at each sample point. For a less stringent criterion, the 
information per sample would decrease; for example, a unit of 
1 cm (+ 4 cm) decreases the input entropy and the maximum 
rate to 2:91 bits per sample. 

The track was found to lag behind the course by a fairly 
definite amount on anyone run (see later discussion and Figure4). 
In principle, this lag represents a distortion which should be cor 
rected by computing the correlation between course and track for 
various lags, and then adjusting the track by the one giving 
maximum correlation. (In so far as the lag fluctuates, it repre- 
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Figure 4 Examples of tracking performance and the indentification of 
amplitude and time errors: (a) speed 2, no preview; (b) speed 4, no 
preview; (c) speed 7, no preview 


sents a calculable loss of information.) However, for each course 
peak the corresponding track peak was simply identified by 
visual inspection (see Figure 4) and for each of the ninety-four 
pairs the course and track amplitudes i and o relative to the left- 
hand edge of the paper were recorded, the amplitude error e 
being obtained by subtraction. Very occasionally (once in a 
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thousand peaks) it was impossible to find a proper sample point 
on the track and then the error was measured from the average 
value of the track. 

The ninety-four pairs obtained from a run were now entered 
in a scatter diagram or input-output matrix (Figure 5). A per- 
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Figure 5 Scattergrams of course and track samples for subject IH. 
(94 samples are plotted ; for perfect performance all points would lie 
on the diagonal) 


fect performance would be represented on the diagram by a 
diagonal straight line, and complete failure either by a vertical 
straight line or by a random distribution of dots. The examples 
given illustrate the fact that performance was found to deterior- 
ate in three ways with increasing speed. First, there was always 
more scatter about the mean regression line (more random error 
or ‘noise’); second, the mean regression line sometimes had a 
steeper slope; third, and more rarely, the track was sometimes 
distributed bimodally, the regression line being then in two parts 
each parallel to the axis, suggesting that the subject could do no 
more than get his pointer on to the correct side of the midline. 
The first and third of these represent loss of information, but the 
second is a distortion, which was automatically allowed for in the 
later computations. 

There are several alternative formulae from which the input, 
output and joint distributions in the scattergram could be used 
to compute the entropies and the information rate (see Shannon 
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and Weaver, 1949, chap. IV); that of equation 2 was used here. 
If a very large number of sample points had been available on 
each run, the input-output matrix would have yielded functional 
probability distributions, and the entropies could then have 
been evaluated with small error. But there were only 94 samples 
in each run and since the input sample points were predeter- 
mined, not much improvement could be obtained by repeating 
runs. With a grouping interval of + cm there were fifteen possible 
sample values of the course and track and so 15? cells in the 
input-output matrix. If all of them were occupied, the average 
cell frequency would be about 0-5; but only 15 to 40 were 
actually occupied, giving an average frequency of 2 to 5. The 
estimated joint entropy H’ (i, o) was calculated from the cell 
frequencies by the formula 


Н'@, о) = — Y Г@, о) log; x f, o) 4 


where /(ї, о) = relative frequency of entries in cell (7, o). 

(To simplify the computation a table was drawn up to give the 
contribution of each cell frequency to the total entropy, and the 
contributions were then added up directly.) The estimated 
entropies are perturbed both by sampling error and by syste- 
matic bias which are greater for smaller average cell frequency. 
Draper (1954) and Hick (1956) have given expressions for them 
but it was not entirely clear how their formulae should apply in 
the present case; after trying different formulae the following 
correction for bias was chosen: 

; РЕ k-1 
H(i, о) = H(i, о) — yr 5 
where k = number of cells in the occupied region of the matrix 
N = number of sample-points. 


The correction term never exceeded 10 per cent and was usually 
much less. Table 1 shows the result of applying a different 
grouping interval to the same data, with and without correction, 
from which it can be seen that the bias is partly but not com- 
pletely offset by the correction. As the same interval (3 cm) has 
been used throughout, comparisons between speeds and subjects 
should, however, be little affected by the residual bias in the 
Present experiments. 
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Table 1 


The Effect of Grouping Interval on the Estimated Information 
Rate 
(100 sample points: subject PW, speed 4 with preview) 


Grouping Interval (cm) 


0-25 0-50 1:00 
Input entropy 474 3-82 2:88 
Cells occupied (&) 30 16 9 
Corrected value 489 3:90 2:92 
Output entropy 472 3:83 2:91 
Cells occupied 29 16 9 
Corrected value 486 3-91 2:99 
Joint entropy 4:84 4-88 3:45 
Cells occupied 150 54 9 
Corrected value 6:59 5:14 3-50 
Rate per sample 3-62 2:77 2:35 
Corrected value 3:16 2:67 241 
Rate per sec 5:25 4:02 3:41 
Corrected value 4:58 3:87 3-49 


Results 


At low speeds (Figure 4a) subjects track accurately. They do not 
produce smooth tracks with the same bandwith as the course, as 
they would were they acting as linear servo-mechanisms. Instead 
there are many small ‘ripples’ which cross the course several 
times between sample points, and are presumably due (Hick, 
1948) to the discontinuous functioning occasioned by the sub- 
ject’s finite reaction time. The bandwith of the track being 
greater than that of the course, the track had to be ‘smoothed’ 
before computing the rate, and this was done by inspection. At 
moderate speeds (Figure 4b) the track is very similar to the 
course in general shape and follows it closely, usually with a 
small time lag, and some amplitude error; no discrete corrections 
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can now be seen. At high speeds without preview (Figure 4c) the 
track maintains the general shape and form of the course, but 
the lag becomes large and substantial errors of amplitude appear. 
One subject reported ‘I am doing no good at all; the thing is 


lag (s) 


0-3 
02r 
01 
L preview 
L ل‎ —X 1 _1_ = —1- 4 
0 0:5, 


speed (cm/s) 


Figure 6 The average lag in tracking. Each point is the average lag over 
one run for one subject 


simply flashing by and I can do no more than make frantic 
attempts to catch up with it.’ In spite of this comment, the per- 
formance was considerably better than random, to the subject's 
later surprise. It was clear from the subjects’ remarks that at 
` speeds above 2 or 3 without preview, they aim at each successive 
peak as it comes up, and make no attempt to follow in between. 
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Nevertheless, the track is a good copy of the course, which tends 
to confirm the rightness of the time-sampling procedure. With 
preview the deterioration is much less marked. Without preview 
the time lag increased with speed up to a certain point (Figure 6); 
with it there was a much smaller increase. Es] 


transmission rate in bits/s 


input entropy in bits/s 


] single line 
w 
double line 


Figure 7 Course speed and information — tracking without preview. 
Information rate per s is shown as a function of course speed for pursuit 
tracking with minimal preview. Each point represents one run by one 
subject 


The theoretical maximum information rate per s is equal to the 
input entropy, and hence the curve of ideal performance is a line 
with unit slope. All subjects achieved this at low speeds, begin- 
ning to depart from it at about 2 bits per s without preview and 
thereafter performance tended to level off at 3 to 5 bits per 5 
(Figure 7). The flat-topped curve suggests that the subjects had an 
informational ‘ceiling’ or channel capacity of about 4 bits per 5. 
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With preview the curve of performance began to depart from 
the ideal one at about 3 bits per s (see Figure 8), and thereafter 
increased linearly. The average slope for all four subjects was 
about half (0-512 times) the ideal slope. At the highest input 


[ 


transmission rate in bits/s 
T 


input entropy in bits/s 


single line 


E PW 
double line 


Figure 8 Course speed and information — tracking without preview, 
Information rate per s is shown as a speed course for pursuit tracking 
with ample preview. Each point represents one run by one subject. 
The dotted line has been fitted by the method of least squares; 


its equation is i 
R = 0:51H(i)+1-36 bits 


entropy possible with the apparatus, there was no sign of the 
levelling off which would indicate the presence of a definite 


channel capacity. 

Practice might be expected to have some effect on the rate 
attainable for any given input speed, and so indeed it did. Table 2 
shows the rates for three successive runs for one subject on the 
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same condition. There was a positive but relatively not large 
increase in information rate. This is in line with the results of 
earlier studies of pursuit tracking. No attempt was made to 
measure fatigue effects, but within single runs at high speed 
there were indications from subjects’ reports that fatigue was 
beginning to be felt. 


Table 2 


The Effect of Practice on Information Rate in Pursuit Tracking 
without Preview 
(subject PW; speed 4) 


H(i) Н(о) H(i, о) Rate, 
Run bits bits bits bits per s 
1 3-91 3-63 6:20 3:04 
2 3:91 3-74 6:20 3-16 
3 3:91 3:93 6:22 3:32 


Discussion 


In recent studies information theory has been used to analyse a 
number of sensorimotor tasks, and the human channel capacity 
has been measured in two distinct ways. In discrete choice tasks 
such as light-key reactions (Hick, 1952) and card sorting when 
the subject does not know exactly what he will have to do on 
each trial — his uncertainty being measured by the input entropy — 
the average capacity seems to be about 5 bits per s, though with 
very long practice, as in typewriting or piano playing (Quastler, 
1956) or with high ‘compatibility’ as in target aiming (Crossman, 
1956), he may reach 15 to 20 bits per s. In these studies informa- 
tion rate may be measured by the total time taken to make a 
response of given information, or by the increment of time 
needed to deal with an increment of information, and the two 
approaches yield rather different results (Crossman and Szafran, 
1956). In particular the time taken to complete the response, 
which is strictly irrelevant since it does not depend on informa- 
tion, has to be small and constant if the two methods of calcu- 
lating are to give similar results. 
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The second type of channel capacity, however, appears in the 
response itself, as a relation between speed and accuracy. Hand 
movements only have so far been subjected to study, and the 
pioneer work is that of Fitts (1954) confirmed by Crossman 
(1956) and Annett, Golby and Kay (1958). In Fitts' experiment 
the subject had to tap in turn two metal plates of width w set 
a distance a apart as fast as he could. The time per tap, /, was 
found to obey the relation 


t= —klog e) = —k(log w — log a) 6 


where k is a constant for one subject, a result which will be referred 
to as Fitts’ Law. The right-hand side of the equation can be inter- 
preted informationally (Crossman, 1956) as the difference between 
an initial entropy log a, and a final one log w, and hence it repre- 
sents the reduction of uncertainty of the endpoint of move- 
ment achieved on a single tap. The information-capacity (the 
reciprocal of k) was found to lie between 8 and 15 bits per s in all 
the studies mentioned. In this task the subject knows exactly 
what to do on each trial, so the input entropy is zero. Therefore 
the time cannot, as in the previous case, be occupied in trans- 
mitting the information in the input, and Fitts suggests that it 
is taken up in overcoming the ‘internal random noise’ which 
prevents a subject repeating a movement precisely. 

On the evidence of these studies it seems reasonable to postu- 
late that the human sensorimotor apparatus comprises at least 
two functionally distinct parts (Figure 9). The first, which may 
be called the decision or D-mechanism, is concerned with trans- 
lating visual or other signals into orders which the second, the 
eflector or E-mechanism, carries out. The D-mechanism has a 
capacity of 5 bits per s in most cases, and up to 15 or 20 bits pers 
in highly practised or *compatible tasks; the E-mechanism 
achieves about 10 bits per s for hand movements. According to 
this model a subjects performance at a task such as pursuit 
tracking will depend on exactly how the two mechanisms are 
loaded and on the time relations between their activities and the 
external situation. 
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Figure 9 A schematic representation of information flow in the human 
perceptual—motor system. The decision (D) mechanism translates 

perceived signals into instructions for the effector system. The effector 
(E) mechanism controls the muscular activity needed to carry out the 


. instructions. It may use visual feedback, 'v', and/or kinaesthetic feedback, 
Du 


Tracking with preview 


The tracking task certainly had high ‘compatibility’ and the 
D-mechanism would therefore be expected to work at 15 or 
20 bits per s: though the control was by hand-wheel rather than 
direct movement, it seems reasonable to ascribe a capacity of 
about 10 bits pers to the E-mechanism, With preview the subject 
could look ahead as far as he liked and so offset the delays due 
to the working of the D- and E-mechanisms, by receptor antici- 
pation (Poulton, 1957). This being so, the smaller of the two 
capacities should be limiting and one might thus expect an over- 
all capacity of 10 bits per s. This level was never attained in the 
experiment (see Figure 8), though no definite ceiling appeared at 
a lower level. 

The fact that the performance increased linearly with input 
load, yet at less than the ideal slope, suggests that another limita- 
tion, one allowing a constant fraction, rather than a constant 
absolute amount of information to be transmitted, must have 
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been present and its locus may be sought in the division of visual 
attention between course and error. At high speeds, when 
looking ahead at the course, the subject was only able to see his 
own pen in peripheral vision, and actually to look at it would have 
entailed missing some of the course. Now the information 
capacity measured by Fitts was for a fully visual task, repre- 
sented in Figure 9 by the E-mechanism with the visual feedback 
path ‘v’ in action. An equivalent task done without visual control 
has been studied by Vince (1948) who reports that hand move- 
ments of a few inches’ extent made without vision were distributed 
normally with about + 7 per cent error, and took 0-25 s or less. 
This much error is equivalent to log; 100/14 or about 2-8 bits per 
movement. In the present task, it would imply that as soon as the 
subject's visual channel, attending to the course some distance 
ahead of his pen, were loaded sufficiently near to its full capacity 
of 15 or 20 bits per s to be confined there, the information trans- 
mitted per sample should settle at about 2:8 bits, and the rate 
per sec. would be given by 2:8 x (number of samples per S), 
until the E-mechanism's upper limit of 10 bits per s were reached. 
The observed performance curve agrees reasonably well with this 
view, and it may be noted in its support that the curve of trans- 
mitted information does appear to flatten out at about 2:5 bits 
per sample. Figure 10 shows how the performance curve for the 
preview condition might be expected to behave at loads greater 
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Figure 10 The expected behaviour of subjects tracking at higher speeds 
than those used. The upper limit represents а channel of 10 bits/s 
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than those used in the present experiment. It is also noteworthy 
that subjects reported that they had adequate time for move- 
ment at even the highest speeds in the preview condition. If this 
explanation is correct, then at high speeds with preview subjects 
made purely positional responses to successive peaks and ignored 
the velocity and acceleration of the track in between. 


(b) Tracking without preview 


Without preview the subject's attention must be centred on the 
narrow slit in which both course and controlled member appear. 
Bearing in mind that subjects were instructed to reproduce rather 
than strictly track the course, and that lag did not necessarily 
diminish their computed performance, the capacity expected 
according to the model would be just the same as in the preview 
condition, but in fact a capacity of only 4 bits per s was found. 
Again according to the model, the lag should be 
39] , 3-91 
O FETO 

or about 0:6 s, if the subject makes a positional response to each 
peak in turn; yet the observed lag (Figure 6, Table 3) was less 
than half this amount, which suggests that subjects may have 
been sacrificing information (i.e. accuracy of reproduction) to 
reduce their lag. Least lag is introduced by responding quickest, 
that is at low accuracy, but for correct tracking each response 
must on average contain as much information as the track does in 
the same time. Therefore if the subject is trying to reduce his lag 
at low track speeds, one would expect to find him making fre- 
quent responses of low accuracy and vice versa. In order to 
examine this point, one subject's records were examined closely; 
it was found that individual response movements could be dis- 
tinguished sufficiently well to count them and measure their 
duration, with results given in Table 3, At low speeds (1, 2 and 3) 
the expected behaviour clearly occurs; it also appears that even 
when allowance is made for the residual receptor anticipation 
permitted by the small preview, this subject must have been pre- 
dicting course positions (perceptual anticipation) to some extent, 
since response movements were consistently initiated before their 
targets came into view. At higher speeds (4 and above) the num- 
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ber of movements fell to one per sample point as had been 
expected, but the lag was still less than the movement time at all 
speeds except possibly the highest, and the subject must therefore 
always have been anticipating course positions. 


Table 3 


(а) Characteristics of the 
tracking task 


Paper speed (cm per s) 1-09 222 340 453 562 675 7:80 893 
Time per sample (s) 2-78 1:37 0-89 0-67 0:54 0-45 0:39 0:34 
Input entropy (bits per s) 1-41 2:86 4:38 584 7:24 8:69 10:00 11:50 
Preview time (8 cm) (5) T3 36 24 18 14 12 10 09 
Preview time (3 cm) (s) 046 0:23 015 011 0-09 0.07 0:06 0-06 


(b) Information rates 
(average of four subjects) 


Per sample — with preview (bits) 3:86 3-66 3:26 2:92 2:67 2-48 2:50 2-40 
Per sample without preview (bits) 3-86 3-18 2:83 2:35 1:91 1:66 1:61 177 
Per s — with preview (bits) 1:39 2:67 266 435 495 550 642 7:07 
Per s ~ without preview (bits) 1:39 2:32 348 3:50 3:54 3-68 410 520 


Kc) Tracking without preview: an 
analysis of one subjects 


performance 
Average lag (s) 014 0-13 009 015 019 030 023 033 
SD of lag (5) — — 0:07 0:07 005 006 006 005 
Average duratii 
movements) ^^ TPO" g.45 0:32 030 033 045 044 038 033 
No. of movi - 
polat. "evemente per sample ces ue ا ا‎ 1 


Information per movement (bits) 4-1 1-L3 13-220 20 39 39 39 
or perfect performance) $9 59 


According to Poulton (1952, 1957) and others, prediction of the 
future position of a course is based mainly on its speed at the 
time of observation. If the subject were capable of making such a 
Prediction with the same accuracy and speed as he can observe 
Position itself, the changeover would entail no loss in informa- 
tion rate, but this seems unlikely as the accuracy of prediction 
must inevitably diminish with its range, and prediction is: also 
Perceptually more complicated than direct observation of 
Position. In terms of the model, then, one might suppose the 
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prediction to be carried out by a third mechanism with a capacity 
of 4 bits per s approximately, whose output would pass to the 
D-mechanism for translation into motor instruction: but a 
more parsimonious explanation is suggested by the similarity 
between the rate found here and that observed in choice tasks of 
low compatibility (e.g. Hick, 1952), which leads one to sup- 
pose that the prediction task is an ‘incompatible’ one and that 
the capacity of 4 bits per s can simply be ascribed to the D- 
mechanism operating in its usual manner. This hypothesis could 
be tested by setting up a simple choice task involving predic- 
tion and measuring the capacity directly. 

If it is indeed the use of prediction which lowers the rate, а 
change might be expected to occur when the course speed no 
longer allows time for it, that is, when peaks recur at less than 
about 0:3 s. The subject should then be forced into making pure 
positional responses lagging by just the spacing of one sample, 
and the rate should rise steadily with speed from 4 to 10 bits per 
s. Unfortunately the highest track speed available fell just short 
of the point where this would begin to happen. 

It remains to consider why the subject should avoid lagging by 
the time (about 0:6 s) needed for pure positional responses. Four 
reasons can be suggested: (a) that subjects could have done so but 
were given insufficient practice to overcome their initial re- 
luctance to ‘get behindhand’; (b) that too great difference be- 
tween the current motions of course and track would have 
produced intolerable visual confusion; (c) that course informa- 
tion might have been forgotten during such a comparatively long 
delay; (d) that too little feedback information about the response 
movements would then have been available, Further work will 
be needed to decide between these alternatives. 


Conclusions 


The informational analysis of pursuit-tracking performance 
appears to be feasible and to yield fresh understanding of the 
mechanisms involved. According to the relatively crude results 
of the present study the subject's performance seems capable of 
being fully explained in terms of a theoretical model derived from 
the results of previous work. In particular, the capacity in track- 
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ing with preview is just that of the effector system acting without 
visual feedback at about 2-5 bits per response or 10 bits per s, 
whichever is less. Without preview and when the lag is kept small 
the limit appears to beset at about 4 bits per s by the decision 
mechanism predicting future course positions. 

It is hoped to carry out further work on these lines, with cer- 
tain improvements. First, the present study was hindered by the 
need to use:a predetermined course pattern, which had too much 
autocorrelation to be really satisfactory. It now appears technic- 
ally feasible to provide a truly random course generator of 
limited bandwidth. Second, it is possible that the speed of eye 
movements may limit certain features of performance, such as 
the vision of attention between course and track in the preview 
condition; eye movements should therefore be recorded and 
compared with the current hand movements. Third, in the dis- 
cussion free use has been made of information capacities drawn 
from earlier work. Since there is considerable variation between 
individuals, a much more accurate analysis would be possible if 
each subject’s capacity were measured on subsidiary tasks at 
the time of his tracking performance. Fourth, the present 
approach could also be extended to study the effect of statistical 
Structure in the course, that is, how far the subject can make use 
Of observed patterns of course behaviour to facilitate his 
performance. 

Finally it may be said that the statistical information theory 
approach to the study of tracking outlined in this paper is quite 
compatible with the analytic approach. It does, however, appear 
that the informational conditions of tracking should be closely 
Specified before a definite transfer function can be identified by 
analytic means, and that its parameters may be expected to 
change with the statistical structure of the task. 
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Part Three 
The Nature of Movement and Response 


Modulation 


In 1899 Woodworth (Reading 9) published a series of 
observations on the accuracy with which movements are made 
at different speeds. He distinguished two parts of movements, 
an initial impulse which is programmed in advance and 
secondary adjustments which are made to attain the required 
degree of accuracy. If successive repetitive movements are 
made at a rate of 120 per minute the secondary adjustments 
disappear and the accuracy of the movements reflects simply 
the accuracy of the initial impulses. These experiments 
effectively defined the conditions for observing ‘ballistic’ 
movements which are discussed more fully by Craik (Reading 
10) and Begbie (1959). 

Craik presents a model of the human operator in a system 
demanding continuous response modulation. Evidence suggests 
that continuous response modulation is an artifact of the 
experimental situation and that the underlying mechanisms 
function intermittently. He suggests that each intermittent 
modulation is a ballistic movement with a predetermined 
time-pattern. 

The fundamental intermittency of operation of the underlying 
response control mechanisms has also been studied using 
reaction time tasks. If these mechanisms can only produce 
about two modulations per second, then the response toa 
second signal should be delayed as the interval between the 
first and second signals is reduced below half a second. 
Welford (Reading 11) describes five theories which have been 
advanced to account for the delays in responding to a second. 
Signal that have been widely reported. This field has been 
further developed recently with the observations by Way and 
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Gottsdanker (1968) and Brebner (1968) that though the second 
response is delayed the first response may be affected by a 
second signal. These results refute the simple idea that only one 
signal is processed at a time and that it is inviolate during its 
processing. Clearly, the way in which successively arriving 
signals are dealt with is far from being completely understood. 
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The Accuracy of Voluntary Movement 


Excerpts from R. S. Woodworth, ‘The accuracy of voluntary movement’, 
Psychological Review Monograph Supplement, vol. 3, 1899, no. 2, pp. 54-9. 


If the reader desires a demonstration of the existence of the *later 
adjustments? which constitute the most evident part of the ‘cur- 
rent control’, let him watch the movements made in bringing the 
point of his pencil to rest on a certain dot. He will notice that 
after the bulk of the movement has brought the pencil point near 
its goal, little extra movements are added, serving to bring the 
point to its mark with any required degree of accuracy. Probably 
the bulk of the movement is made by the arm as a whole, and the 
little additions by the fingers. If now the reader will decrease the 
time allowed for the whole movement, he will find it more diffi- 
cult, and finally impossible, to make the little additions. Rapid 
movements have to be made as wholes. If similar movements are 
made with eyes closed, it is soon found that the little additions 
are of no value. They may bring us further from the goal as likely 
as nearer. We have no exact knowledge of where the goal is and 
So cannot use our finer adjustments. 

Another demonstration can be had by drawing a free hand line 
joining two points. The line will record the changes in direction, 
and so give us an insight into the later adjustments as far as they 
are applied to the direction of the movement. Increasing the 
Speed of shutting the eyes produces the same eflects as before. 
"There is, however, one new fact that appears and gives us an 
insight into the character of the first adjustment. If lines of con- 
Siderable length, say a foot or two, are made at a rapid rate, the 
changes in direction will probably be found to be about the same 
in them all, They all start out at nearly the same angle from the 
true direction and make about the same sweeping curve around 
to the goal. This curve is not a simple arc but bends back on itself. 
As this curve appears, moreover, when the eyes are closed, the 
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changes in its direction cannot be due to later adjustments. The 
initial impulse takes the hand along a curve. We aim around a 
corner; not according to geometrical straight lines, but according 
to the make-up of our arm. From the geometrical point of view, 
the simplest movement that we can make — the movement as 
determined solely by its first impulse, and not complicated with 
later adjustments — is still a complex affair. The initial adjust- 
ment is itself complex. It includes the innervation of different 
muscles one after another. The coordination adapted to produce 
a straight line is probably more complex than that to produce 
certain curves. The first impulse includes also a command to 
stop after a certain distance. These later effects of the first 
impulse are probably in some degree reflex. The proper con- 
tinuation of a movement which has been started seems, from 
pathological cases, to be dependent on the preservation of the 
arm’s sensibility. Yet the first impulse of a movement contains, in 
some way, the entire movement. The intention certainly applies to 
the movement as a whole. And the reflex mechanism acts differ- 
ently according to the difference in intention. We must suppose 
that the initial adjustment is an adjustment of the movement as a 
whole. 

A graphic demonstration of the later adjustments in the matter 
of extent of movement is not so easy as in the matter of direction. 
But by means of a rapidly rotating kymograph it can be accom- 
plished. By this means a curve of the speed of the movement — 
similar to the curve of muscular contraction — is obtained, and 
any little additions to the movement can be detected. 

As representing the standard curve of a movement governed 
entirely by its initial adjustment, we take the curve of ‘auto- 
matic’ movements. Since no attention was paid to the extent of 
these movements, there is no call for later adjustments. With this 
standard we may compare the curves obtained when each move- 
ment was required to imitate the preceding, or to terminate at a 
given line. We may compare movements also at different speeds, 
and of the right and left hands. The comparison will reveal the 
causes of the differences in accuracy between these several 
movements. See Figures 1 and 2. 

The most striking difference between these tracings is that 
between the sharpness of their tops. At the slowest rate the 
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automatic movement gives a sharper top than any other, and the 
studied movements with eyes open the bluntest. The order of 
sharpness is: automatic, left hand with eyes shut, right hand with 
eyes shut, left hand with eyes open, right hand with eyes open. 


a b © d е 
20 


Figure 1 Tracings on а rapid kymograph of different sorts of movements: 
а, automatic; b, eyes shut, left hand; с, eyes shut, right hand; d, eyes 
open, left hand, ; e, eyes open, right hand. Rate, 20 movements/min. 
The movements with eyes shut were required to be equal, each to the 
preceding. Those with eyes open were required to terminate on a line 
previously ruled on the paper. Selected records (not continuous). 
Reduced to 4 original size 


The blunt top is an expression of extreme slowness of movement 
at the close. To make up for this, the beginning and middle of the 
movement, and also the return to the starting-point, are con- 
siderably hastened. This slowness at the end is useful because it 
allows for the fine adjustments. Evidences of these can be seen 
in the curves. They are visible as irregularities in direction or as 
marked differences from the run of the automatic movement. 
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Some of the fine adjustments consist in little additions to the 
movement, carrying it beyond where it would otherwise have 
gone; and others in a subtraction or inhibition of the movement, 
making it shorter than it would otherwise have been. The latter 
seem to give the best results; the former seem to be corrections of 


a b с а е а c d c d e 
رہ ر پیر س‎ 
40 80 120 


Figure 2 Same as Figure 1 but at rates of 40, 80 and 120. Letters have 
the same meaning as in Figure 1 


mistakes. The best type of later adjustment is that which brings 
the movement so smoothly to a stop that no sharp change in 
direction is possible. This type is the best, since it is clearly the 
least awkward. The whole movement runs smoothly to its 
desired end, without any break or correction. 

Turning now to the records of movements at more rapid rates, 
we see the differences between the different sorts gradually dis- 
appear. At 40 the differences are still present; the time allowed is 
still sufficient for nearly all the later adjustment that can be 
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profitably used. At 80 only the right hand, eyes open, shows any 
perceptible broadening of the top; at 120 even this is almost 
gone. Above this the later adjustments are about nil, and all 
movements have to depend on their initial adjustment. 

These tracings demonstrate the truth of our previous assump- 
tion that the loss of accuracy at high speeds was due to impossi- 
bility of later adjustments. Or, as it was expressed, the bad effect 
of speed is exerted on the current control of the movement. A rapid 
movement does not allow time enough for the later adjustments. 
The later adjustments are reactions to stimuli set up by the 
movement and a rapid movement does not allow for the reaction 
time. That this is a sufficient explanation of the bad effect of 
speed, at least up to 120, is seen on comparing the degree of loss 
of accuracy with the degree of failure of the later adjustments 
Ea] 

The presence of later adjustments can be detected in many 
common movements, as, for instance, in singing. Ordinary 
singers do not always strike the note accurately at one jump, but 
must feel around a little after reaching the neighborhood, guid- 
ing themselves by the sense of pitch. Probably the ordinary run 
of violinists, and certainly the beginner, find their notes in this 
groping way, The path to skill lies in increasing the accuracy of 
the initial adjustment, so that the later groping need be only 
within narrow limits; and through increasing the speed of the 
groping process, so that finally there seems to be no groping at 
all. The later adjustments are combined with the bulk of the 
Movement in that smooth and graceful way which we picked out 
from our tracings as the most perfect type. Whether the great 
virtuosos do away entirely with the later adjustments and achieve 
their wonderful accuracy by means of the first impulse, would be 
an interesting thing to find out. The speed and verve of their per- 
formances make it difficult to suppose thete is anything there of 

-the nature of groping. Yet these artists have had to work up 
through the groping stage, and it is likely that some traces of the 
Process by which they reached perfection should remain in the 
Perfected result, The later adjustment is probably there, but it is 
made with perfect smoothness, and has by long and efficient 
Practice attained the sureness and the speed of a reflex. 
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The Operator as an Engineering System 


К. J. W. Craik, ‘Theory of the human operator in control systems. І. The 
operator as an engineering system’, British Journal of Psychology, vol. 38, 
1947, pp. 56-61. 


The Human Operator Behaves Basically as an Intermittent 
Correction Servo 


The evidence for this is the periodic or wavy nature of the time 
record of tracking errors, showing a spectrum with a predominant 
frequency of about 0:5 s with a smaller cluster of frequencies 
from 0-25 to 1 s. This periodicity might be attributed to a sensory 
threshold or ‘dead zone’, such that misalignments smaller than 
a certain value evoke no corrective movement; but there is 
evidence against this. First, the display magnification is usually 
such that the misalignments occurring during steady tracking 
exceed the known threshold (i.e. visual acuity). Secondly, if the 
rate of the course, or the magnification of the display for a given 
course, is increased by a certain factor, the periodicity of the 
corrections is little, if at all, affected; whereas if their periodicity 
were determined by the time taken for the misalignments to reach 
a certain ‘threshold’ value this alteration should shorten the 
periodicity of the corrections in the same ratio. 

Consistently with the above principle, we find that the mean 
error in tracking any given variable-direction course is nearly 
proportional to the rate of the course, over a wide range of 
speeds. We should account for this by saying that the faster the 
course the greater the misalignments that occur in each period 
between two corrections, in strict proportion. 


The Intermittent Corrections Consist of ‘Ballistic? Movements 


For example, they have a predetermined time pattern and are 
‘triggered off’ as a whole. This behaviour may be contrasted 
with that of an intermittent correction servo in which, for 
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instance, a follow-up motor is intermittently switched into a cir- 
cuit in which it runs until it has reduced the misalignment to 
zero, and this action reduces the input to it to zero so that the 
motor stops. In the human operator, on the other hand, at a 
particular instant (i.e. about 0-3 s after the end of the preceding 
corrective movement), a corrective movement having a predeter- 
mined time course (usually occupying about 0-2 s) is triggered 
off. The evidence for this is based on studies of reaction time, i.e. 
оп the internal time lag of the operator, due to the time taken 
by the sense organ to respond, for the nerve impulses to traverse 
the central nervous system, for the appropriate response to be 
‘selected’ and for the nerve impulses reaching it to traverse the 
motor nerves, This lag is about 0-2-0-3 s. Thus, if a human 
operator's limb movement amplitude, or velocity, or acceleration, 
were determined continuously by the misalignment, continued 
oscillations of approximately 0-5-5 periods, and of whatever 
amplitude they commenced at, would inevitably result. This 
tendency could be overcome if a misalignment triggered off a 
ballistic movement of fairly correct amplitude (say +10 per 
cent); the eye would then detect the residual misalignment, which 
may be composed of two parts — the error in the first ballistic 
movement, and any movement of the target which has occurred 
in the meantime. In the absence of the latter (e.g. in aiming at a 
Stationary target) the second corrective movement may again be 
accurate to +10 per cent of its own value so that the misalign- 
ment is reduced to 1 per cent of its original value. 

Direct evidence bearing on this ballistic behaviour can be 
Obtained in various ways. First it is easy to present a misalign- 
ment to an operator, and then screen his eyes just before he 
makes his corrective movement. A movement accurate to within 
about 10 per cent will result, if he has previously learned the 
‘feel’ of the control. If he operated like a follower motor, inter- 
mittently switched in, such obscuration of the misalignment 
would be equivalent to cutting the input connexions, and the 
motor would not of course make any further corrective move- 
ment. 

Physiologists might make a further hypothesis to avoid the 
‘ballistic’ theory. They might say that the visual misalignment, 
once it has been detected by the eye, becomes translated into a 
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‘limb-movement misalignment’ (ie. a kinaesthetic misalign- 
ment) which acts as the continuous input to the limb until our 
kinaesthetic (i.e. joint and muscle senses) register ‘correct posi- 
tion’, or no misalignment. We certainly do possess such a sense, 
but it is less easy to abolish it experimentally and to see what 
happens in its absence, than in the case of vision. Patients with 
tabes dorsalis have considerable loss of kinaesthetic sensation, 
but it is difficult to know how complete this loss is in any parti- 
cular case. 

In any case, the same general argument as before – that a con- 
tinuous series of oscillations of the initial amplitude would occur 
if elimination of kinaesthetic misalignment were the sole deter- 
minant of movements, owing to the inevitable reaction time 
lag — seems to apply. Further, it is possible to show that consider- 
able precision of movement is maintained even when the move- 
ments are made so rapidly that they are completed before the 
kinaesthetic stimulus corresponding to their first approximation 
to the right position could have ‘gone the round’ of the central 
nervous system and controlled the subsequent output move- 
ment; unless indeed reaction times to kinaesthetic stimuli were 
vastly shorter than to any other kind. It is, however, possible to 
show experimentally that kinaesthetic reaction times are very 
little shorter than auditory, for instance. Thus, we may ask the 
operator to move a lever against a stiff spring, so as to make a 
rapid movement to correct a misalignment, and then to return to 
his starting point. After he has learned the ‘feel’ of the control 
(i.e. its gear ratio and spring tension) and is making fairly accur- 
ate movements, we suddenly alter the spring tension, so that he 
over- or under-shoots. A record of this on a fast-moving drum 
shows that about 0-15 s elapses after he begins his movement, 
until he is able to begin a readjustment of it, to meet the modi- 
fication of resistance. 

Similarly, it is possible to show that in playing musical instru- 
ments, typewriting, sending morse, etc., complicated patterns of 
movement are executed at a rate which would be impossible if 
they were continuously governed by the value of the misalign- 
ment, with the inevitable reaction time lag. Apparently they must 
be individually performed, triggered off ballistically, and the 
sensory feedback must take the form of a delayed modification 
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of the amplitude of subsequent movements. Sensory control, in 
other words, alters the ‘internal gear ratio’ or amplification of 
the operator with a time lag and determines whether subsequent 
corrective movements will be made; it does not govern the ampli- 
tude of each individual movement while it is being made. We 
could make a servo, using existing engineering principles, which 
would show the features of intermittent, ballistic correction. But 
this last point — the fact that the sensory misalignment alters not 
merely the amplitude of the response but the relation between 
the input, or misalignment and the output, or response — intro- 
duces a further complication, the nearest approach to which, in 
engineering, seems to be ‘floating plus proportional control’. 
Even this involves a quantitative alteration of the amplification 
of the system by the residual misalignment, whereas something 
more complex still seems to be occurring — а very wide alteration 
in the functional relationship between input and output. 

For instance, if the operator is using a positional control, his 
successive ballistic corrective movements should be linearly 
Proportional to the misalignments; but if he is using a velocity 
Control they would have to be linearly proportional to the 
derivatives of the misalignments. Roughly speaking, we might call 
this qualitative modification or output on a basis of some response 
to the difference between instantaneous input and output at the 
Previous instant, or ‘qualitative feedback’. 

A further complication is introduced by the operator's ability 
to ‘anticipate’ movements of the target, or alterations in mis- 
alignment. For instance, with a positional control, the errors in 
tracking a moving target are usually less than we should predict 
Оп the above theory of intermittent ballistic corrections. The 
Operator goes on turning the handle steadily, or even accelerat- 
ing it; his record, after some practice, becomes much smoother 
than it was initially; and if he finds that he is still lagging behind 
the target (as if the above theory is correct he is bound to do) he 
can put in an extra forward movement. Here we have several 
Processes, 
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There are some Counteracting Processes tending to make 
Controls seem Continuous 


First, there is one akin to momentum, or inertia. If the operator 

has been turning the handle, in a series of discrete movements, 
for some seconds, he will tend to convert this into as steady a 
rotation as he is capable of, and to continue doing so although the 
misalignment may be zero, i.e. he has zero input to produce this 
output! (This can be shown experimentally by suddenly stopping 
the target, when the operator will overshoot for the period of one 
reaction time, until the serious misalignment which results stops 
his steady output from continuing.) It is for this reason that in 
the first section it was stated that the human operator is basically 
an intermittent correction servo; he has in addition this mechan- 
ism for going on doing whatever is giving a satisfactory result, or 
zero misalignment, rather like a heavy flywheel and having the 
same valuable smoothing effect. 

What are the essential features of this process, and can we con- 
ceive any mechanisms which will accomplish it? When the 
operator continues to turn the handle at the same speed, inde- 
pendently of whether there is any input or not, he is, in humanistic 
terms, assuming that he is justified in doing so, in order to com- 
pensate for his reaction time lag. Since he is always subject to 
this lag, in attempting to keep up with the present he is always in 
fact being a prophet and extrapolating from past data! It is really 
no different from the further kind of anticipation which enables 
him to extrapolate into the physical future. Now all scientific pre- 
diction consists in discovering, in data of the distant past and of 
the immediate past which we incorrectly call the present, laws or 
formulae which apply also to the future, so that if we act in 
accordance with those laws our behaviour will be appropriate to 
that future when it becomes the present. Thus the essential 
feature of extrapolation and anticipation is, again in humanistic 
terms, that the operator should detect the constants in what he is 
doing. Thus, he may move a handwheel in a series of jerks, so 
that its position changes from moment to moment, but he may 
realize after a few seconds that he is turning it at a steady rate, i.e. 
its angular velocity is constant; and having discovered this he 
may try whether it will not pay him to go on doing so; usually it 
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will. He may, however, find that its rate is changing — the target 
has angular acceleration. He may, in theory, at any rate, be able 
to feel this acceleration which he is having to put into the hand- 
wheel, and if he happens to find that it is constant, or nearly so, 
and is able to put out a constant acceleration of this value in 
turning the wheel, again he may achieve better following. 

Now let us look at the same thing from a mechanical point of 
view. There are many devices — such as speedometers and 
accelerometers — which do the differentiations involved in record- 
ing velocities and accelerations; and the problem would be how, 
for instance, to couple a number of such devices to a telephone 
Selector-switch operating motor, so that if the output of the 
motor over a few seconds of intermittent corrective action showed 
à constant reading on the speedometer, or even on the accelero- 
meter, the motor would be caused to go on putting out this speed 
or acceleration, irrespective of whether there was any input or 
Not, unless or until such behaviour gave rise to a large misalign- 
ment. If that happened the extrapolating system would be over- 
ridden and intermittent corrections would begin again, until a 
new value for a constant was found. The solution would seem 
to be to provide the motor with positive feedback of such a kind 
that it continued to go on doing whatever it was doing at the 
moment — running steadily or accelerating uniformly. Such a 
system would need considerable smoothing and stabilization, 
Otherwise any slight disturbance, such as a slight acceleration, 
would very rapidly be cumulative, and the machine would reach 
its maximum speed; but if the feedback were delayed and 
smoothed, the system could be sufficiently stable and would not 
‘wander’ too badly. This system would of course be combined 
with negative feedback of the ordinary kind (viz. actuation by 
the difference between input and output quantities), so that if the 
positive feedback led to overestimation of the velocity, or if the 
target started to decelerate, the motor would overshoot and this 
Would introduce a positional misalignment, which would reverse 
the direction of mechanical control. This would alter the average 
value, for the last time interval, to the positive feedback system, 
which would therefore cease from perpetuating this velocity but 
Would, when it had time to steady down, start putting in a new 
one. 
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Electrical Models Could Fairly Exactly Simulate the Human 
Operator’s Behaviour in Tracking 


In general terms, the extraction of the inputs for the positive 
feedback network consists of successive differentiations, while 
the extrapolations on the basis of them consist of successive inte- 
grations. Let us consider in more detail some circuits by which 
this might be accomplished. Suppose the motor drives a genera- 
tor across whose output terminals is a capacity in series with a 
high resistance, constituting a differentiating circuit with a time 
lag or averaging effect, owing to the time constant of the system. 
Then the generator voltage is proportional to the speed of the 
motor and the voltage across the resistance of the differentiating 
system is proportional to its acceleration; if necessary, higher 
derivatives can be obtained in the same way. The lag in the first 
differentiation can be obtained by putting a resistance and 
capacity in series across the generator output and taking the 
voltage off the capacity. The output voltage from this smoothing 
system is taken to the input of the amplifier supplying the motor 
fields and should cause the motor to continue running at the 
mean speed, at which it has been manually rotated, for a sufficient 
time to cause the voltage to be delayed and smoothed across the 
generator to reach a steady value. The speed of running will of 
course wander slowly in time if the system also has ordinary 
velodyne negative feedback for velocity control. If the manually 
applied speed was an accelerating one, the system will maintain 
a mean steady speed if it is supplied with one differentiating stage 
only (i.e. the generator with its delaying system). But if there is a 
second differentiating system, with a longer time constant, it will 
register a manually imposed change of velocity over several 
periods of operation of the first differentiating system, i.e. an 
acceleration, and if this is integrated by a resistance-capacity 
circuit and applied to the amplifier serving the fields, a uniform 
acceleration will occur. 

Of course, it is not necessary for the original speeds to be put 
in manually; with a velodyne fitted up as a servo auto-following 
system in which the task of the velodyne is to make a slider keep 
on the centre of a potentiometer, for instance, which is moved 
by an external agency, the mechanical control will commence 
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by ordinary positional following, being actuated by the mis- 
alignments. Further, though this alone would lead to a lag 
behind a uniformly moving target, once it has started to run at 
a constant velocity, the remaining misalignment will still be 
operative, if arranged to be in series with the positive feedback 
voltage, so as to cause the shaft to step on and make up for the 
lag. This system would have many of the same characteristics as 
a velodyne with phase advance produced by delayed negative 
feedback — i.e. a condenser across the generator output. 

It should be possible to make a velodyne simulate the ‘intermit- 
tent ballistic correction’ process considered in the first and second 
principles. Thus, the error voltage representing the misalignment 
could be connected periodically by a rotating contact to a con- 
denser which is charged. This condenser would then be switched 
on to the amplifier input and would result іп a ‘ballistic’ rotation 
of the output shaft through an angle proportional to the charge 
on the condenser. 

Little is known of possible physiological mechanisms for 
accomplishing this kind of thing. There is evidence (e.g. from 
sensory adaptation and accommodation of nerves) of differentiat- 
ing systems, at least of the first order, which may serve to measure 
rates of change of stimulation, though our knowledge extends 
only to stimulus intensity and not to more complex stimuli such 
as misalignments in space. Even here, it is possible to suggest 
hypothetical spatial differentiating systems which are not physio- 
logically inconceivable. The other aspect — the integration, re- 
Sulting from positive feedback — would seem to require ‘auto- 
rhythmic? nervous centres which continue to discharge once they 
have been forced to do so, and in a way which follows the original 
forcing stimulus, The beating of the isolated frog's heart and the 
Spontaneous oscillatory potentials in the excised frog's brain 
and in the intact cortex of man (both Berger rhythms and the 
abnormal rhythms of epilepsy) are suggestive in this respect, for 
they are evidence of self-maintaining neural oscillators. Lorente 
de No’s and Ransom’s concept of the ‘closed neurone circuit? 
would serve the same purpose. What has to be considered is 
clearly a form of positive feedback and the main difficulty in all 
the cases just mentioned would seem to be that what is required is 
continuous feedback of excitation in the form of nerve impulses 
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following after the neurones have recovered from their refractory 
phase, whereas slow potential oscillations probably imply dis- 
charges of some other kind than trains of nerve impulses. 

We should also consider long-lasting changes of stimulus- 
response relationship (i.e. learning) which, in an electrical model, 
would probably require to be imitated by some auto-selective 
switching device rather than regarded as time constants of a 
resistance-capacity system. Another type of control demands the 
establishing of complex response patterns which are ‘triggered 
off’ as a whole by the stimulus. Instances are the action of word 
habits in typewriting, or of blocks of stimuli in transmitting 
morse, or of associated movement groups in knitting. These seem 
to require some ‘sequencing’ switchgear, of the type used in the 
relay automatic telephone system, and make us think of the 


physiologists’ ‘chain reflexes’ and of rhythmic reflexes such as 
walking and breathing. 
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Evidence of a Single-Channel Decision Mechanism Limiting 
Performance in a Serial Reaction Task 


Excerpt from A. T. Welford, ‘Evidence of a single-channel decision 
mechanism limiting performance in a serial reaction task’, Quarterly 
Journal of Experimental Psychology, vol. 11, 1959, pp. 193-208. 


The Present State of Theory 


Looking back over the statements published in this field, we find 
five types of theory have been advanced to account for the delays 
in responding to a signal which closely follows a previous signal. 


1. The first type, which was responsible for the term *psycho- 
logical refractory period" postulates that following some event 
in the chain of processes leading from signal to responding action 
there is a refractory state, analogous to that found in nerve fibres 
but of much longer duration - 100 to 500 ms in different formula- 
tions. The widely held suggestion, that there is a refractory period 
of about half a second following the making of a response seems 
to have come from Telford (1931). It has been clearly refuted by 
Vince's (1948) experiments and by all the evidence since. Fitts 
(1951, p. 1323) suggested that there might be a refractory period of 
the same kind but with a duration of only about 100 ms, and 
Davis (1957) has postulated a refractory period of about the 
Same length following central activity rather than the actual 
making of a response. 


2. Broadbent (1958, р. 280) has suggested that there may bea 
kind of quantizing of perception into samples about a third ofa 
Second long, He further suggests that the subject can begin a new 
sample when S, arrives and that delays to S; are due to the data 
having to wait until the next sample before they can be dealt 
With. This theory, although fundamentally different in concep- 
tion from the previous type has some similar consequences." It 


TR, = reaction time to Sy; ТК; 


le й 2 i 
1— first signal; S;— second signal 
gnal; S2 eni a= movement to S2. 


“reaction time to 5,; M; —movement to 51; М. 


157 


The Nature of Movement and Response Modulation 


would, at first sight, account well for the data of the present experi- 
ment: the delays in the ungrouped cases when S; arrived during 
TR, were about what would be expected, and delays when S; 
came during M, would be due to S; ‘missing’ the next sample 
and having to wait for a third. Broadbent's theory would further 
offer an attractive explanation of the variability of delay when 
S; arrived close to the beginning of M, as this would also be 
about the end of the first sample after S}, so that in some cases 
S would be in time for the second sample but in other cases 
would have to wait for the third. The theory would not, however, 
account for the tendency to lengthening of M, in cases in which 
I' was short. Further, one would expect that in cases in which 
S; came during M;, TR; and TR; would have been positively 
correlated since short TR; would be secured if TR, ended and 
S; arrived before the end of the first sample. Plotting TR; 
against TR, it was clear that the correlation if any, was negligible. 

Both these two types of theory postulate that delays are caused 
by some process occupying a fixed time interval which is, as the 
theories are stated, independent of the length of TR, and ТМ, 
and would presumably not change with the amount of informa- 
tion conveyed by S, or by the monitoring of M,. Both theories 
thus have the severe disadvantage that they require an ad hoc 
quantity to be postulated for the refractory period or quantized 
interval. If all the existing evidence is to be accounted for, such 
a quantity would have to be assumed to vary with circumstances 
in some way not as yet understood. The theories can thus, at the 
present stage at least, have only post hoc descriptive value and 
are not yet reliably predictive. They cannot, however, be refuted 
on present evidence, they can only be shown to be unnecessary. 
The crucial experiments have not yet been done. It would be 
instructive, for example, to try experiments in which the average 
reaction times would be longer than those obtained so far — for 
example by requiring multichoice reactions. If under these con- 
ditions the delays were found to be no longer than those already 
observed, it would be evidence in favour of a theory such as that 
of Davis or Broadbent. 


3. A different type of theory again states that the delays to S2 
are due to what we have called the *Mowrer effect’. Mowrer 
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(1940) found that in a serial reaction time task signals arriving 
before (or after) a modal or mean interval were reacted to more 
slowly and he *explained' the effect by saying that the subject's 
‘expectancy’ of a signal was then lower. This type of theory was 
originally suggested as a possibility by Hick (1948), and was 
espoused by Poulton (1950) and by Elithorn and Lawrence 
(1955). If specification of the actual amount of delay is not 
attempted the theory can fit a great deal of the evidence very well. 
Preference for other theories depends upon their giving a better 
quantitative fit to the data. Its lack of quantitative precision is 
indeed its main disadvantage and makes it again non-predictive. 
If all the data already accumulated were to be accounted for, the 
delays would have to vary with circumstances according to 
principles as yet unknown. Further, there is no mechanism in 
terms of which the effect can, as yet, be confidently understood, 
so that the theory is at present purely descriptive: the effect of 
‘expectation’ can only be observed post hoc from empirical data. 
Broadbent (1958, p. 272) refers to this theory as ‘parsimonious’. 
It is so only if quantitative considerations are neglected. If they 
are taken into account, the additional postulates necessary to 
explain variations in the amount of the effect make the theory 
very much less parsimonious than it appears at first sight. 

imply the suggestion 


4. Elithorn and Lawrence (1955) seem to 
f responses made by 


that the results of experiments using pairs 0! 
different hands could be accounted for in terms of cortical or 
other central interaction. It is reasonable to suppose that this 
might be substantial between bilaterally symmetrical effectors. 
It is true that Fraisse (1957) has shown that a signal may cause 
delay even if no overt response to it is required, but inhibition of 
action might well have significant effects in this respect. The com- 
plementary experiment in which responses to different signals 
Would be made by widely separated effectors, e.g, jaw and foot, 
has not, so far as the writer is aware, been done. 

е hypothesis that there is in the 


5. Lastly, we may consider th А : 
ited capacity. This 


Central mechanisms a single channel of lim ^ 
Was implied in Craik's (1948) treatment, was made explicit by 
Hick (1948) and was developed by Hick and Bates (1950), the 
Present author (Welford, 1952), Davis (1956, 1957), Fraisse 
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(1957) and Broadbent (1957, 1958). In its bare essentials this 
theory assumes, firstly, a number of sensory input mechanisms 
each capable of receiving data and storing it for a limited period 
so that, for example, a short series of signals can be received as a 
unit. Secondly, it assumes a number of effector mechanisms con- 
taining both central and peripheral elements and capable of 
carrying out a series of actions such as the pressing and release of 
a key or a series of taps (Vince, 1949) as a single unit. Thirdly, 
between these two it postulates a single-channel decision mechan- 
ism. This is regarded as being of limited capacity in the sense 
that it takes a finite time to process information and can thus 
only deal with a limited amount of information in a given time. 

It is further implied that sensory input data can be accumu- 
lated while the decision channel is occupied by dealing with 
previous data, and can be passed together to the decision channel 
as soon as it is free. Similarly the decision channel can ‘issue 
orders’ to the effector side for a series of responses the execution 
of which can overlap with the decision channel’s dealing with 
fresh input. Sensory feedback data from responding actions may, 
however, ‘capture’ the decision channel, i.e. responses may be 
monitored. 

This theory does not have the disadvantages of the others 
although it is not without its own difficulties, of which the most 
pertinent are perhaps three: 


(a) Some additional postulate is needed to account for ‘grouping’. 
This, however, is a problem for any theory except, perhaps, that 
of Broadbent who might postulate that the subject would occa- 
sionally fail to begin a new sample with the arrival of S,, and that 
Sz would sometimes appear before he did so. A possible line of 
approach to the problem of grouping is to link it with the need 
to collect data over a period of time in order to distinguish à 
signal from ‘neural noise’ (see e.g. Gregory, 1955), or with the 
fact noted in several studies (e.g. Piéron, 1923, Cheatham, 1952) 
that perception of a stimulus can in certain circumstances be 
modified or prevented by another stimulus coming a short time 
after. 


(b) The question arises of why movements are sometimes moni- 
tored and sometimes not. The present writer suggested (Welford, 
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1952) and Davis has reiterated (1956) that monitoring may be 
unnecessary when the accuracy required of the responding 
action is sufficiently low for it to be made ballistically without 
there being any appreciable likelihood that it will fail to be 
effective. If highly accurate movements are required, however, 
monitoring may be inevitable, and even when not strictly neces- 
sary it may give the subject confidence. It is understandable that 
monitoring for either of these reasons would tend to drop out 
with practice, and we may note in support of this view that 
Davis's original subjects (Davis, 1956) and Marill's (1957) sub- 
jects, who are the two groups failing to show delays when S; 
came after the end of TR,, were substantially more practised 
than others, Experiments comparing delays at various stages of 
practice could settle whether this explanation is correct. 


(с) The theory fits the evidence very reasonably well if we take 
the time for which the single channel is assumed to be occupied 
as equal to the total TR,. Such a formulation neglects, as Davis 
(1957) has pointed out, the fact that appreciable times are 
required for data to reach the cortex from sense organs and for 
efferent nerve impulses and muscular action to make a response. 
effective. The theory would certainly not work if these times were 
deducted from TR,, as at first sight it would seem they should 
be, in order to arrive at the supposed time required for the de- 
cision mechanism to act in response to 51. Any suggestion to 
Overcome this difficulty must at present be speculative, but we 
May note that the difficulty would cease to exist if it could be 
shown that some minimum feedback from the responding action, 
indicating that it had begun, was necessary for the decision 
mechanism to be ‘cleared’. If this were so the time taken to 
initiate a movement would automatically be included in the 
decision time, and there would be added a new time component 
Of a few milliseconds for the feedback signals to get back from 
the responding member to the brain. If this time Was approxi- 
mately the same as that required for a stimulus to reach the brain 
from an exteroceptor it would mean that reaction time would be 
а reasonable measure of decision time although the equating of 
the two would be in a sense fortuitous. An indication in favour 
Of such a scheme is contained in the finding by Fraisse (1957) that 
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delays following an S; to which no response had to be made, and 
for which presumably the feedback did not occur, were shorter 
than when S; was followed by an overt responding movement. 


Future Research 


We may end by briefly urging two general points for future 
studies which emerge from what has been done so far. Firstly 
a wide variety of theories will fit substantial areas of the facts, 
and distinction between the various theories can often only be 
made following a detailed quantitative analysis of the data. Any 
new theory should be accompanied by a review in quantitative 
terms of al/ the rather formidable mass of data so far collected. 

Secondly, there seems to be a danger that the study of reactions 
to discrete pairs of signals will become unduly preoccupied with 
minutiae. There is a fairly obvious series of experiments still to 
be done with this technique, and doubtless if they were done they 
would suggest others. The kind of question these could settle 
would, however, almost certainly be answered incidentally, and a 
great deal of valuable information obtained besides, if attention 
was returned to the original stimulus to such studies, namely the 
analysis of continuous performance. 
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Part Four The Role of Proprioception in Skill 


Any attempt to analyse the mechanisms which permit even so 
simple an action as placing a pencil on a desk immediately 
emphasizes the necessity for the brain to know where the pencil 
starts from and where it should be placed. Vision is the most 
accurate of man’s senses and could be used to signal both 
locations. However, provided the brain knows the location of 
the hand which holds the pencil, the location of the pencil may 
be simply inferred. Proprioception, which signals the state of 
the muscles and joints, can take the place of vision and signal 
the starting point of the movement. With this information the 
brain can compute the movement required to carry the pencil 
to its required location. Proprioception may also provide 
similar background information even when the pencil is not at 
rest to begin with, and throughout the course of a movement 
Proprioception maintains a monitoring function to check that 
the intended movement is indeed executed. 

By altering the load against which a movement is made and 
the amplitude of its excursion the proprioceptive feedback from 
à movement may be experimentally manipulated. Bahrick 
(Reading 12) reviews several attempts to test a particular 
mathematical relationship between the physical characteristics 
of a manual control and the proprioceptive feedback it 
Produces, A much more technical paper by Notterman and 
Page (1962) describes an intensive investigation into the 
Telationship between performance and the physical 
characteristics of controls. 

Gibbs (Reading 13) presents an experiment in which the time 
taken to amend errors introduced by reversing the usual effects 
of moving a control was recorded. It was predicted that as 
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response monitoring was delegated from vision to 
proprioception, a systematic improvement in error-correction 
times would result. The predicted improvement occurred and 
Gibbs concludes that this provides further support for his 
thesis that movements are continuously monitored by 
proprioception. 

The importance of proprioception in the control of 
movements has led some researchers to advance theories of 
motor dysfunction in terms of distorted or delayed 
proprioceptive feedback. Dinnerstein, Frigyesi and Lowenthal 
(Reading 14) present a theory that Parkinsonian disability may 
be due primarily to delayed proprioceptive feedback. There is 
some experimental support for their theory but there is also 
evidence that until further refined the theory is not yet 
satisfactory; it does not account for all clinical signs and some 
normal young subjects show patterns of perceptual behaviour 
characteristic of Parkinsonian patients, 
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An Analysis of Stimulus Variables Influencing the 
Proprioceptive Control of Movements 


H. P. Bahrick, * An analysis of the stimulus variables influencing the pro- 
prioceptive control of movements', Psychological Review, vol. 64, 1957, 
рр. 324-8. 


It is generally known that accurate execution of movements 
depends upon proprioceptive information reaching the central 
nervous system. Clinical evidence (7, p. 235) as well as experi- 
mental findings (8) indicates that control and perception of 
movements are very poor when this sensory channel is not 
functioning. 

Little is known, however, about the specific characteristics of 
proprioceptive stimulation that permit the individual to control 
changes in position, rate or acceleration of his limbs. In other 
words, no detailed theories of proprioception comparable to the 
Specific theories available for some other sense modalities have 
been developed (7, p. 234). Most of the available knowledge in 
this area is based upon anatomical investigations of the receptor 
System, its neural connexions and its central representations. 
Although several types of receptors have been identified (13, 
D. 1185; 14), differentiation of their function is as yet not clearly 
established. It is thought that forces internal to the body act as 
Proprioceptive stimuli, but the processes by which these stimuli 
are encoded into messages which ultimately form the basis for 
Perception and control of movements are not well understood 
(7, р. 234), 

Behavioral data specifying the relation: : 
response characteristics have been difficult to obtain because of 
Problems of controlling proprioceptive stimuli. Investigators 
have used drugs or faradic currents (8, 9) as means of reducing 
the effectiveness of proprioceptive stimuli, Recently, an indirect 
approach to this problem has been attempted. This approach 
Consists of varying the type and degree of resistance to motion 
Offered by a control which S uses in the execution of movements 
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The effect of this variation upon S's ability to perceive and con- 
trol his movements is studied and an attempt is made to infer 
characteristics of the proprioceptive system. As a technique of 
investigating proprioception, this approach has obvious limita- 
tions. The forces which S applies to move a control are only 
indirectly related to the proprioceptive stimulation he receives 
during the execution of the movement. The cutaneous senses are 
also stimulated during movement, and unknown transformations 
are involved between the control force acting upon the limb and 
the proximal stimuli acting upon receptors in muscles, tendons 
or joints. 

Despite these substantial limitations, the approach has some 
theoretical as well as practical advantages. The forces required 
to move a control and thus also the control forces acting upon the 
limb, can be specified as a function of four physical properties of 
the control, and these properties can all be regulated conveniently 
by E. They are mass, viscosity, elasticity and the degree of 
coulomb friction. In a control such as that used by Howland 
and Noble (11) these parameters combine according to the fol- 
lowing time-varying system equation: 


І, = KO +B d0jdt +J d*0jdt?, 1 


where the left-hand side of the equation is the force applied by 
the human arm, the right-hand side represents the component 
resistive forces offered by the external control, L, is the torque 
required to move the control at any instant of time (£), K is the 
constant of elasticity of the control, B is the viscosity constant, 
J is the moment of inertia and 0 is the angular displacement o 
the control with respect to its neutral, or spring-centered, posi- 
tion (6). Coulomb friction has been neglected in this equation, a$ 
have the internal resistive forces in the limb itself. 

It has already been pointed out that the force which the con- 
trol exerts upon the limb may not be equated to proprioceptive 
stimuli. However, one may assume that the forces which do act 
as proprioceptive stimuli during the movement of limbs are 
determined by physical properties of our limbs analogous to those 
specified in the above equation for the control. Previous investi- 
gation (4) has already established some of these physical pro- 
perties of limbs and their significance in relation to the control of 


168 


H. P. Bahrick 


movements. These physical properties of limbs are difficult to 
control and the present approach attempts to infer their function 
in proprioception by studying the effects of analogous character- 
istics of controls where these properties can be manipulated 
conveniently. 

From an applied viewpoint, this approach may be useful in 
that the data are relevant to the solution of human engineering 
problems related to the design of controls used in man-machine 
systems, or to the design of prosthetic devices. 

In the present article some general hypotheses are developed 
about the effect of each of the physical control parameters specified 
in equation 1, and data are reported which test these hypotheses. 

Inspection of equation 1 shows that the torque needed to move 
the control depends upon its position, rate and angular accelera- 
tion, the relative importance of these depending upon the 
respective values of the elasticity, damping and inertia constants. 
Thus, if the elasticity constant K is zero, the torque required to 
Move the control will be independent of its position, but if K 
is relatively large, the torque will vary largely as a function of 
Position, Analogous relations exist between the damping con- 
Stant B and angular velocity, and between the moment of inertia 
and angular acceleration. 

It is now hypothesized that a man can use the force cues 
obtained in moving the control to improve his perception of 
Position, rate and acceleration of limb motion. Specifically, it is 
hypothesized that the elasticity constant of the control improves 
S's ability to perceive and control positions, the damping con- 
Stant improves perception and control of rate, and the moment 
of inertia improves the perception and control of acceleration. 
Thus, an increase in each of these control constants should lead 
to improvement in the corresponding behavior. At the same time, 
it is hypothesized that an increase in any of the control constants 
Will affect adversely performance which is aided by the other 
Constants. Thus, increases in K are expected to interfere with the 
Control and perception of rate and acceleration, while increases 
in B and J will affect adversely the control and perception of 
Position. This hypothesis suggests itself, since the force required 
to move the control would not be expected to provide useful 
cues for the control of rate if it changes rapidly with position and, 
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conversely, it should not offer useful cues for the detection of 
position if it varied greatly as a function of rate or acceleration. 

Several experiments have been conducted in which the accur- 
acy of movement was studied as a function of the physical 
characteristics of controls (1, 2, 3, 10, 11). A few of these (1, 2, 
10) were designed specifically to test the above predictions. In 
one study (2) Ss performed simple circular and triangular con- 
trol motions with a joystick control which was loaded with 
various degrees of spring stiffness, or damping, or mass. In each 
control-loading condition, the movements were first practiced 
with the help of a visual guide and paced by means of a metro- 
nome. The visual and auditory guides were then removed and 
Ss were instructed to reproduce the motions as accurately as 
possible. Photographic records of all motions were obtained and 
measured for accuracy of temporal and spatial reproduction. It 
was found that an increase of viscous damping or of inertia of the 
control resulted in greater uniformity of speed within individual 
motions, and also in greater uniformity of speed in successive 
reproductions of the same motion. In the case of the triangular 
motions, increased mass and increased damping led to greater 
uniformity of peak velocity on each side of the triangle on suc- 
cessive trials. Spring loading interfered with the control of rate 
and acceleration, but its effect upon spatial accuracy of the 
reproduced motion was, in general, not significant. It was sug- 
gested that extended practice is needed for effective utilization 
of cues provided by spring loading. 

This hypothesis was checked in a second experiment (1) in 
which the accuracy of positioning a horizontal arm control was 
investigated as a function of changes in the torque-displacement 
relation of the control. Extended practice was given and know- 
ledge of results was provided. It was found that positioning 
errors are smallest when the ratio of relative torque change to 
displacement is largest. Under optimum conditions of spring 
loading, average positioning errors were less than half the 
amount obtained for a control which was not spring loaded. It 
was concluded that force cues provided by a spring-loaded 
control can improve the accuracy of positioning a control, and 
that the amount of improvement is a function of the relative and 
absolute torque change per unit of amplitude change. 
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Further investigation of the usefulness of force cues in regu- 
lating the amplitude of motion has supported the above con- 
clusions. It was shown that the transmission of amplitude 
information can be increased significantly by spring loading the 
control used by Ss. Optimum results were obtained with a control 
which provided geometric increments of force as a function of 
arithmetic changes of amplitude. This condition provides force 
cues which are equally discriminable over the range of ampli- 
tudes employed (12, 15), and yields the largest number of 
absolutely discriminable categories of amplitude response. 

Although the above results support the general hypotheses 
regarding the effects of K, B and J constants upon the control of 
movements, many questions remain unanswered. In order to 
establish that the observed effects are due to changes in proprio- 
ceptive stimulation, it will be necessary to control cutaneous 
Sensitivity. It is hypothesized here that the contribution of cutan- 
cous receptors is most significant in relation to minute mani- 
pulatory responses, and least significant for larger movements of 
the type dealt with here. 

Further problems arise because the control parameters under 
discussion have certain mechanical effects upon the nature of 
movements, and these must be separated from the effects upon 
proprioceptive stimulation. Large amounts of damping, for 
example, make rapid movements difficult and fatiguing, and 
greater uniformity of movement rate observed under these con- 
ditions may reflect mechanical effects rather than improved 
Proprioceptive discrimination. The identification of these 
mechanical effects becomes more difficult when continuous 
Movements are dealt with, as was shown in the study by How- 
land and Noble (11). Interactions among the physical parameters 
of controls may cause complex mechanical effects such as oscil- 
lation, and these may obscure or counteract the effects due to 
augmented proprioceptive stimulation. In general, the analysis 
of K, B and J effects is relatively simple for discrete, adjustive 
movements of the type primarily dealt with so far, but becomes 
increasingly complicated for complex or continuous motions. 

Work now in progress attempts to establish relations between 
the forces exerted upon a control and intensity of stimulation at 
the receptors in the elbow. This analysis is based upon a simplified 
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mechanical model of the arm (16) by means of which forces 
acting upon the hand are resolved at the elbow joint G, р. 319). 
In this manner it may become possible to infer changing intensi- 
ties of stimulation of receptors at the joint during the course of 
movements. 

Ultimately, the development of proprioceptive theory de- 
scribed here must be supported by a more direct analysis of 
K, Band J factors within the body, and their effects upon the 
perception and control of movements, This, in turn, will require 
a better understanding of the biophysical principles by which 


forces internal to the body are brought to bear upon proprio- 
ceptive receptors. 
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Introduction 


There are lawful relations between the direction of movement 
and the discharge of specific groups of proprioceptors (Mount- 
castle, Poggio and Werner, 1963). The speed of movement is 
closely related to the rate of change of frequency in the discharge 
of primary nerve endings (Matthews, 1933). The speed and direc- 
tion of movement could therefore be controlled directly by pro- 
prioceptive feedback, once the relevant relations were learned. 
The extent of movement could be determined by integrating the 
speed signals from proprioceptors over time, to provide integral 
error control (Gibbs, 1954). It is hypothesized that new move- 
ments are first controlled by exteroceptors, but that detailed 
duties of monitoring are delegated to proprioceptors for the 
longest possible period. The degree of dependence on vision 
depends on the probability and predictability of the outcome of 
specific responses. Delegation releases exteroceptors and the 
limited span of attention from detailed duties of monitoring. 

A hypothetical function of proprioception is to provide nega- 
tive feedback which ensures that a movement initiated by an 
error-stimulus reduces that error. Negative feedback depends on 
a definite directional relation between input data and the feed- 
back data which define the output. A reversal of the normal 
learned relation between visual and proprioceptive data should 
therefore lead to positive feedback by which response to an error 
stimulus increases the error, 

Two distinct types of learning underlie the effective control of 
movement. The learning of lawful relations between move- 
ments and sensory feedback (output-feedback relations) is to be 
distinguished from the learning of serial, S-R probability rela- 
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tions; they are exemplified by the tracking task that is described. 
A major purpose of the experiment is to demonstrate the exis- 
tence, and some major effects of both types of learning. 

The above hypotheses lead to unequivocal predictions and to 
consistent explanations of known phenomena. In a task of step- 
input tracking the direction of successive responses is not always 
equally probable; such tasks are convenient for the study of 
serial probability relations. It is easy to provide an incompatible 
directional relation between control and display, i.e. a control- 
display relation where the control joystick and the display cursor 
move in opposite directions. Such a relation is well adapted for 
the demonstration of positive feedback in early practice, which 
results in large directional errors and considerable delays before 
errors are amended. By hypothesis, the unfamiliar but constant 
control-display relation can be learned and negative feedback 
again develops with a consequent reduction of errors in responses 
of both high and low probability. 

The delegation of monitoring from vision to proprioception, or 
from conscious to automatic level, reduces the time taken to 
amend directional errors. The approximate reduction should be 
from 0-25 to 0:10 s; the former time represents visual reaction 
time, and the latter corresponds to known latency in the motor- 
Proprioceptor circle of nerves (cf. Ruch, 1951). Amendment 
times of 0-10 s would contrast with findings of psychological 
refractoriness, e.g. that in responses to two closely spaced 
stimuli, the reaction time to the second is longer than that to 
the first (e.g. Adams, 1961, 1962; Craik, 1948; Davis, 1956, 1957, 
1959; Hick, 1948; Vince, 1948; Welford, 1952, 1959). Other predic- 
tions from the hypotheses are that the number of directional 
errors and the duration of visual reaction times depend on the 
relative probabilities of responses. The data reported here are 
compatible with these hypotheses. 


Method 


Six men and six women of ages ranging from 23 to 54 yr, used a 
joystick to position a cursor on an oscilloscope and track a 
target spot of light. Movement was limited to the horizontal 
plane, Three subjects of each sex used their preferred hand; the 
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others used their non-preferred hand. In the main study the 
control-display relation was incompatible, but a control group of 
six subjects used a compatible relation in an otherwise identical 
procedure. Subjects were instructed to respond as rapidly and 
accurately as possible. 

The target appeared for 1 s in any of five different positions, 
1:125 in apart, disappeared for 1 s and reappeared in a new 
position. Each position and each possible pair of successive 
positions was used equally frequently in one complete ‘run’ of 
100 steps. There was a three to one probability that a target at 
position 2 would move to the right rather than outward to posi- 
tion 1; a target at position 4 was more likely to move left than 
right. Steps are termed ‘probable’ when the movement actually 
demanded conformed to the higher probability; steps outward 
from 2 or 4 are termed ‘improbable’. Responses beginning at 
position 3 are called ‘equiprobable’ because the two possible 
directions of movement were equally probable. Movements 
from positions 1 or 5 were ‘unequivocal’ with respect to direction. 

Records of target and joystick movements were analysed for 
errors in the initial direction of movement, for response latencies 
and for amendment times. Response latency is the interval be- 
tween the onset of a stimulus and the beginning of a response; the 
definition applies also to reaction time but a different term is 
needed for the delays which arise in tracking tasks. Amendment 
time is the interval between the beginning of an incorrect 
response and the commencement of an amended movement. 


Results 


The control group using a compatible control-display relation 
made eight errors in 600 responses as compared with the 272 
errors made in the 1200 responses of the experimental group. 
There was a small but significant (P. — 0:01) difference of 0:04 s in 
the mean response latencies of all types of responses, which also 
favoured the compatible control-display relation. Table 1 shows 
the proportion of experimental group errors in responses of 
different probability at the three stages of practice indicated in 
column 1. The first entry in column 2 under the heading E/R 
Shows that between steps 1 and 33 the group made thirty-seven 
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errors (E) in a total of forty-eight improbable responses (R). 
The adjacent entry expresses the fraction as a percentage (77 per 
cent). Other entries in the table show similar relations for other 
responses. The main findings are that the great majority of errors 
occurred on the relatively infrequent improbable and equi- 
probable responses. There was a monotonic decrease in all error 
percentages as practice continued, except for an increase on 


Table 1 


Total Number of Errors (E) in Responses (R) of Different 
Probability at Different Stages of Practice (Steps 1-33, 34-66 
and 67-100) 


Improbable Equiprobable Probable ^ Unequivocal 


а) Q) (3) (4) (5) 
Steps EIR% ЕК EIR% ЕК 
1-33 37/4877 44/7261 38/12032 18/156 12 
34-66 25/3669 27/9628 1312011 411443 
67-100 22/3660 29/7240 1212010 1/180 0-6 
Totals 1-100 8412070 100/24042 63/360 18 23/4805 


equiprobable steps in the last stage of practice. All twelve sub- 
jects made errors on step 1 which demanded an equiprobable 
response, but following step 33 a maximum of six subjects made 
errors on these steps. Nine subjects made errors on the first and 
on the last appearance of improbable steps (step 16 and step 89) 
Percentage errors remained high (60 per cent) in the last stage of 
practice. In contrast, errors virtually disappeared in unequivocal 
responses. 
Response latencies, like errors, were markedly reduced in early 
Practice. The mean response latencies shown in Figure 1 relate 
to steps 15 to 100; the stage where response latencies became 
Teasonably consistent. Figure 1 shows the striking and significant 
(P < 0-01) monotonic relation between serial probability and 
the mean response latencies of correct responses; а relation 
Similar to that noted by Hyman (1953). The figure shows that on 
improbable steps the response latency for a correct movement 
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was nearly 0-10 s longer than the response latency for an error. 
This is the expected relation between accuracy and speed. It was 
very surprising that the response latencies of correct and incor- 
rect responses were virtually equal on equiprobable steps and 
that the latter response latency actually exceeded the former on 
probable and unequivocal steps, i.e. the larger latencies produced 
more errors, 

The correlation between the responselatencies and the errors of 
subjects was not significant, i.e. the subjects who responded most 
rapidly did not make most errors. Three male subjects had 
Shorter response latencies and fewer errors than the group 
mean, and provided the three best combined scores. One male 
Subject made the poorest combined score. The range of indi- 
vidual errors was 10-37. 

A major prediction from hypotheses was that amendment times 
would be reduced from about 0:25 to 0-10 s. Figure 2 shows the 
actual distribution of amendment times in early and late practice 
(steps 1-10 and steps 71-100). There is a striking and significant 
change in mean amendment time from 0:24 to 0-11 s, as predicted. 

The top half of Figure 3 shows the responses ofa typical female 
Subject on steps 15-20. The square form steps represent the 
Various positions of the target from 1 to 5, denoted respectively 
by the squares of minimum and maximum height. The thick 
base lines between steps of different heights represent the 1-5 
Periods of target absence. The continuous line above the steps is 
the subject’s tracking response. A correct response was always in 
a direction that matched the changed height of a new step. The 
first step demanded an improbable response from position two to 
One; the tracking line should have moved downward in the 
figure, In fact, the subject made a small anticipatory movement 
in the probable and incorrect direction before light one appeared. 
the subject made a large, all-or-none 
the wrong direc- 
ects who 


Following its appearance, 
Tesponse of approximately correct extent in r 
tion. Anticipatory movements were common in the subj cts \ 
Made most errors. The response from position 2 to 4 was initially 
in the correct direction but was reversed, approximately 0-10 s 
after movement began. The reversal caused a large error in direc- 
tion, which was amended after a delay that was compatible 
With visual reaction time. Responses that were initially correct, 
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but rapidly reversed, accounted for 12 per cent of all the errors 
made in steps 1 to 33. Errors of less than 0-125 in at the display 
would not be detected in analysis because of size reduction in 
recording. The lower half of Figure 3 shows responses at a 


medium error. 


Ss 


anticipation error 


correct response 
then error 


time (s) 
igure 3 Response of typical woman subject оп steps 15-20 (uppe 
Fi ( Д S ( ) 


later stage in practice (steps 51 


1 ~6). Directional errors occurred 
in making a probable response 


from position 4 to 2 and an im- 
probable response from position 2 to 1. In general, the size of 
errors was much reduced by practice, 


In the 1200 responses made by the experimental group, 272 
were initially in the wrong direction. The women made 168 and 
the men made 104 errors, a significant difference (Р < 0:01). 


Five women and one man produced the six highest error scores. 
The errors made by both sexes Were distributed in a similar 
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manner between responses, of different probabilities, indicating 
similar estimates of response probability. Without regard to sex, 
158 errors were made by the six subjects who used their non- 
preferred hand and 114 errors were made by the other six sub- 
jects who used their preferred hand. This difference also was 
significant (P < 0-01). As noted above, the control group using a 
compatible control-display relation made only eight errors in 
600 responses. 


Discussion 


The small, rapidly amended errors observed in these tests have not 
been reported previously. Errors and response latencies provided 
highly sensitive measures that emphasized small but significant 
differences in performance due to hand, probability and sex. 

It is not yet possible to explain why the majority of women 
subjects made more errors than most of the men. There was no 
reliable sex difference in probability matching; contrary to 
some established prejudices, the difference in errors did not stem 
from a feminine tendency to repose undue confidence in highly 
improbable events, e.g. that a target starting from the edge of 
the oscilloscope would move off the screen entirely. 

Errors increased sharply when subjects were placed under 
minor stress, either by responding to stimuli of low probability 
or by using their non-preferred hand. These results indicate that 
these sensitive measures of performance may be particularly 
useful in studying stress. The method has now been applied 
Successfully to a study of effects of alcohol and a report is in 
Preparation, 


The problem of control | 
Lawful relations must exist їп any system to permit effective 
Control of the speed, extent and direction of movement. In 
Organisms, practice can improve performance only to the point 
Where these relations are learned. There is a definite relation 
between the direction of movement and the discharge of specific 
groups of proprioceptors (Mountcastle et al., 1963). High 
Correlations exist between the rate of movement and the rate of 
change of frequency of the kinaesthetic discharge (Matthews, 
1933). Proprioception could therefore monitor direction and 
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speed directly; speed could be integrated over time in order to 
determine the extent of movement by integral error control. 
Correlations also exist between movement and visual feedback 
but the typical errors of early practice show that vision does not 
continuously monitor rapid movements. Many movements 
were almost correct in extent but ran in the wrong direction for 
about 0:25 s. During that period visual feedback was not effective 
in amending error and it cannot therefore be credited with the 
Continuous monitoring of direction, speed or extent. Many early 
responses were initially correct but were reversed after approxi- 
mately 0:10 s to produce a large directional error. Had visual 
feedback been effective in that time, the correct initial adjustment 
would have continued. 
Data reported by Helson and Steger (1962) suggest that visual 
feedback can produce a motor effect in 0-1 s. In the transition 
from visual to proprioceptive monitoring, some rapid amend- 
ments were possibly based on vision, but the purpose of delega- 


tion is to relieve visual attention of uneconomic duties of detailed 
monitoring. 


Probability, latency and error 


The delegation of monit 
effects a change in the t 
0:25 to 0-10 s. The forme: 
the latter is the known 1 
of nerves (Ruch, 1951) 
sponses that are not m 
(Dresslar, 1892), 


oring from vision to proprioception, 
ime for amending errors, from about 
т period represents visual reaction time, 
latency in the motor-proprioceptor circle 
and the minimum time to amend re- 
onitored by vision, e.g. hand-tapping 


In early practice, the mean time to amend errors was 0:24 s 
(Figure 2). Subjects expected that a rapid, primary response could 


run for that period, under Proprioceptive control, without 
developing serious error requiring a visual check, The expecta- 


tion was invalidated by the reversal of normal directional rela- 


tions, which permit control by negative, proprioceptive feedback. 
Subjects were presented with a choice between Speed and accuracy 
until the new relation was learned. They could regress to slow, 
visual monitoring which would minimize errors, but increase the 
time needed to acquire the target, which appeared only briefly. 
Alternatively, they could respond rapidly using proprioceptive 
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feedback, but the reversed relation would then produce frequent 
directional errors. 

The mean amendment time was 0-11 s in late practice, indi- 
cating that subjects were probably using proprioceptive moni- 
toring, despite a high percentage of errors on the less probable 
Steps. The subjects were not aware of these rapid amendments. 
Delegation therefore largely relieved visual attention of the duties 
of detailed monitoring, although the incompatible relation was 
not fully learned. The over-all error percentage in the last stage 
of practice was about 16 per cent, and only 1-3 per cent of errors 
were made by the control group using a compatible relation. 

A clear distinction exists between the lawful relations of 
movement and feedback, and the serial probability relations be- 
tween input and output, that are exemplified by the different 
types of tracking steps. The latter permit tests of the hypothesis 
that the degree of visual attention depends on the input-output 
probability relation. Specifically, highly probable responses are 
initiated with a minimum of visual attention, which is indicated 
by short, visual response latency. Figure 1 indicates that the 
latency is related directly to response probability. Table 1 shows 
that the largest proportion of errors occurred on the less probable 
Steps, so that a further disproportionate increase of visual atten- 
tion would be needed on these steps, to minimize the errors. 

The stimuli appeared at equal time intervals but there was 
always uncertainty of the extent of impending responses. The 
latency of a correct response was 0:73 s on unequivocal steps, 
Where the demand for direction was certain, but each of four 
different extents was equally probable. In steps starting from 
Positions 2 or 4, the increase of directional uncertainty raised 
latency to 0:27 s for a correct response in the probable direction, 
but à similar mean latency of 0:28 s produced errors on direc- 
tionally improbable steps. It was necessary to increase latency to 
0:37 s to obtain correct responses on the latter steps. There were 
three times as many probable as improbable steps. Subjects 
therefore had a choice between short latency, producing about 
25 Per cent of errors, and a long latency on both probable and 
improbable steps, which would minimize errors. In late practice, 
errors could be amended in 0-10 s and this was near the difference 
between the short and long latency. Time loss would therefore be 


183 


The Role of Proprioception in Skill 


negligible even when errors were made and time was a 
owing to brief target presentation. A Strategy that пишен 
the time to acquire the target, rather than error, would produce 
25 per cent of errors on steps starting from positions 2 or 4. In 
late practice, the average group errors were 22 per cent. А 

It would be expected that increased care in identifying the 
direction demanded would increase response latency and 
diminish error. This relation obtained on improbable steps, but 
on equiprobable steps the latencies of correct and incorrect 
responses were virtually equal to 0:30 and 0-29 s respectively. 
On these steps, 50 per cent of responses would be correct by 
chance, even with the ‘short? latency of about 0-30 s, and there 
would be little time loss in amending errors, as compared with 
using the ‘long’ latency of 0-37 s for all responses. Again, the 


group minimized target acquisition time rather than error, and 
accepted 40 per cent of err 


Figure 1 shows that on 
Were actually associated 
Opposite of the expected rel 
plotted data were Obtaine 
long latency were associate 
67, there were only thirtee, 


or in late practice. 

probable and unequivocal Steps, errors 
with the longer latencies, i.e. the 
ation. However, most of the relevant, 


» control-display relation. They are not 
Significant exceptions tot 


accuracy and speed. 


ments for accuracy and speed. The relations that developed, 
between response probability, latency and error reflect surpris- 


У. Subjects developed, in 1 min 
ategy based upon relations that are 


effected at subconscious level 
184 


C. B. Gibbs 


Figure 1 illustrates the significant finding that uncertainty of 
direction had a greater effect on the latency of correct responses, 
than doubt of extent. For example, four different extents could 
be demanded on a directionally unequivocal step, but only one 
extent was involved in a directionally improbable step. ‘Correct’ 
response latencies were 0:37 and 0:23 s respectively. 


Psychological refractoriness 


Data on the psychological refractory period are contained in the 
studies cited previously. In responses to two closely spaced, un- 
predicted stimuli, the latency of the second response is usually 
longer than that of the first, A decision to respond cannot be 
revoked immediately by a prompt indication of error. The 
amendment times of the present study were, in effect, the 
response latencies to the second of two closely spaced stimuli. 
In early practice, directional errors persisted for about 0:25 s 
and demonstrated the typical ‘all-or-none’ refractory effect, but 
the amendment time was reduced to 0-10 s in late practice. 

By previous hypothesis, the reduction of delay is based on 
learned, serial probability relations which were not apparent 
initially, The subjects could learn the relations between step 
Probability, response latency and errors; for example, that a 
latency of 0:28 s, on steps starting from positions 2 or 4, would 
Produce an error percentage of 25 per cent. To this extent, errors 
became predictable, Once a response was initiated, the direction 
Of any error was determined and time of detection would be 
Set by a relatively small and uniform perceptual delay. There 
Was no uncertainty of appropriate response when the error 
Signal occurred; hence, visual attention and central decision 
Were not involved in amendments. 

The data show that one type of refractoriness can be reduced 
by practice. Learning permits prediction of the results of те- 
Sponses, and the delegation of monitoring from visual attention 
ja Proprioceptive mechanisms which function at subconscious 
evel, 


The alternative view 
Whitteridge (1960) provides a concise, impartial account of the 
Storic controversy between protagonists of the inflow and 
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outflow theories of movement control. In the former, precise, 
directed movements cannot be made without either exteroceptive 
or proprioceptive information (feedback), on the States of the 
controlled member. In the outflow view, proprioception has no 
important, central functions in control, Practice establishes 
learned patterns of motor impulses in the brain, and each is 
appropriate to nullify an error of specific extent. The incom- 
patible relation could be learned, by the incremental, automatic 
reinforcement of ‘correct?’ motor volleys, and the progressive 
inhibition of ‘incorrect? patterns, At some stage of practice, con- 
flicting volleys of motor impulses could be dispatched over the 
direct and the indirect motor pathways to muscle (Eldred, 
Granit and Merton, 1953). Known difference in condition time 
could produce rapid reversal of movements, and so account for 
the 0-1 s interval between Successive movements, without invok- 
ing notions of feedback. 

The Proposed, differentia] reinforcement necessitates feedback, 
in order to discriminate between correct and incorrect responses, 
but the converse does not hold. The essence of inflow theory is 
that patterns of proprioceptive sensations, rather than motor 
impulses, form the content of learning. Notions of motor rein- 
forcement are, at best, redundant, and have nothing to commend 
them except respectable antiquity. The hypothesis of automatic 
reinforcement implies a ‘stamping їп? process to ensure that the 
appearance of a familiar stimulus triggers its associated response. 
No provision is made for adaptive variability, demonstrated by 
subjects’ compromise bety 


veen the opposed needs to acquire the 
target quickly and to minimize error. In the outflow view, the 
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Delayed Feedback as a Possible Mechanism in 
Parkinsonism 


Excerpt from A. J. Dinnerstein, T. Frigyesi and M. Lowenthal, ‘Delayed 


feedback as a possible mechanism in Parkinsonism’, Perceptual and Motor 
Skills, vol. 15, 1962, pp. 667-80. 


Many aspects of human behavior may be viewed as the function- 
ing of feedback control systems (Powers, Clark and McFarland, 


ncerned with some temporal aspects of 
Parkinsonian disability. 
ng a loss of normal syn- 
onist musculature and is 
muscle rigidity, tremor and 
ced stages the patient can 
inated hand and arm move- 
ing or dressing himself. The 
ult of malfunction of the extra- 
О complete neurophysiological 
by which this malfunction pro- 
argued that the motor symptoms 
result from a loss of normal inhibition of antagonistic reflexive 
0). The nature of the inhibition 
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The Theory 

Proprioceptive delay hypothesis 

А common characteristic of the motor system, and of subunits of 
this system, is the normal balancing of tensions between antagon- 
istic muscle activity. The balance of agonist-antagonist forces 
involves simple or complex coordinating centers which receive 
sensory information concerning the moment by moment state of 
the system. Blockage or other malfunction within the proprio- 
ceptive mechanism will almost inevitably produce some type of 
distortion of system function. Among the many possible sensory 
malfunctions, proprioceptive delay seems specifically plausible in 
Parkinsonism. The plausibility follows from analogous mal- 
functions produced experimentally and from the specific nature 
of Parkinsonian symptoms. 


Analogies 


Parkinsonian tremor has been compared with the oscillations 
found in electromechanical feedback systems (Wiener, 1950). 
More relevant to the present discussion have been experimental 
demonstrations that analogous behavioral disability can be 
induced by sensory delay. yee 
The behavioral disabilities in Parkinsonism have analogies in 
the speech disabilities found in stuttering. The tremor in Parkin- 
Sonism is superficially similar to the syllable repetition of stutter- 
ing speech, Slowness and delay in movement in Parkinsonism is 
Somewhat analogous to the slowness and tense pauses of speech 
In stuttering. While the normal mechanisms involved in stuttering 
are uncertain, stuttering can be induced experimentally by 
delayed auditory feedback. This is produced by having Ss spea 
or read aloud while listening to their own speech which В 
been recorded and played back via earphones after a delay о 
fraction of a second. The speech disruption is dramatic, thoug 
Ss show some ability to learn to overcome the induced disability 
(Chase er al., 1959; Goldiamond, Atkinson and Bilger, 1962; 
Lee, 1950). ; А чек 
More directly related to the present concern is the fact | 
Vacillation, repetitions, and pauses in writing and other P 
Motor coordination tasks can be induced by experimentally 
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delayed visual feedback (Kalmus, Fry and Denes, 1960). The 
situations involved procedures similar to those employed in 
auditory delay. A visual display presented to S information 
concerning his movements, but the display lagged behind S's 
movements. Again, the behavior disruption was dramatic. 

The effect of auditory delay on a task normally utilizing 
auditory feedback, and the effect of visual delay on tasks nor- 
mally employing visual feedback, suggest that a proprioceptive 
delay would produce analogous disruption of those motor tasks 
involving proprioceptive feedback. These analogies, in fact, were 
the starting point of the present theoretical activity. 


Parkinsonian tremor 


In addition to pointing to analogies between Parkinsonism and 
stuttering, one can argue that a proprioceptive delay, if it exists, 
should produce the Specific outstanding Parkinsonian symptoms. 
The mechanism of Parkinsonian tremor might be as follows. A 
normal limb held unsupported in space has been reported to 
show tremor over a wide range of frequencies, most strongly in 
the 8 to 12 cycle range (Fossler, 1931; Travis and Hunter, 1931). 
These tremors serve to maintain muscle tone and to prime the 
limb for activity. Normally, these tremor movements are almost 
imperceptible because proprioceptive impulses, the afferent con- 
sequence of muscle contraction, arouse antagonistic muscles 
which oppose the tendency to movement or which return the 
limb to its original Starting position. If the occurrence or trans- 
mission of the proprioceptive impulses were excessively delayed, 
the initial automatic movement would be larger because the 
antagonistic muscle contraction would be delayed. The move- 
ment to return the hand to the original starting position, once 
begun, would continue too long as the proprioceptive impulses 
indicating that the hand had reached the ‘correct’ position 
would be late in signaling the termination of contraction. The 
resulting sequence of new delayed Proprioceptive impulses and 
the inevitably delayed and prolonged compensating muscle con- 
tractions would produce oscillating movement, 

The frequency of normal, fine, lirab tremor is apparently non- 
neurological in origin (Brumlik, 1962). It is possible that the 
amplitude of normal limb tremor reflects the inevitable degree of 
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proprioceptive delay in any sensory system. Prolonged delays, if 
they occurred, would clearly produce large tremors such as are 
found in Parkinsonism. 


Rigidity 

A delay in the proprioceptive control of the normal muscle tone 
mechanism might produce muscle rigidity. This hypothesis 
involves no significant conflict with current notions of the 
mechanism involved in muscle tone. 

The muscle is composed of two contractile systems, each with 
its own motor nerves and with the possibility of independent 
sensory feedback systems. The gamma motor neurons innervate 
the intrafusal muscle fibers of the muscle spindles and alpha 
neurons innervate the extrafusal muscle fibers. Two sensory 
systems exist within the muscle spindle to provide both spinal and 
supraspinal proprioceptive controls of motor outflow (Granit, 
1955). 4 

The functions and interrelation of the alpha and gamma motor 
systems are not fully understood. It is clear, however, that they 
have antagonistic effects on the tension of the intrafusal fibers. 
A current view stresses the likelihood of gamma-motor system 
control of muscle tone by means of evoked intrafusal fiber con- 
traction which, in turn, results in reflexive extrafusal fiber con- 
traction (Thomas, 1961). According to this view, muscle rigidity 
is the result of an excessive gamma activity, with the excessive 
activity being of unknown origin. If, however, the gamma 
system is subject to proprioceptive control, a possible source of 
excessive gamma activity could be a delay in transmission of the 
proprioceptive impulses which are utilized in this control. The 
delay would produce an oscillation in the tension of intrafusal 
fibers in much the same way in which limb tremor was hypo- 
thesized to follow from proprioceptive delay. Proprioceptive 
delay, if it exists, thus might produce hyperactivity in the gamma 
system with resulting muscle rigidity. 

The notion that rigidity is due to a delay induced oscillation in 
the gamma system is attractive for another reason as well. While 
tremor may be due to a proprioceptive delay acting on the limb 
Position control mechanism, as proposed earlier, it is also 
plausible that tremor is the result of the assumed oscillation in 
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the gamma system. Oscillations in the lengths of intrafusal fibers, 
if in phase with each other and of great enough amplitude to 
evoke a full stretch reflex, could drive the limb into gross oscil- 
latory movement. Both tremor and rigidity may thus reflect the 


identical process, a delay in the proprioceptive control of the 
gamma system. 


Hypokinesis 


A slowing of behaviors is the most reliable outcome of experi- 
mentally induced delay of auditory or visual feedback. The 
mechanism is unclear but may indicate that, in behavior extend- 
ing over time, the sensory feedback from one unit of the behavior 
contributes to the evocation of later behavior units. Delayed 
sensory feedback from early behavior units possibly causes 


those units which follow to wait for the ‘normal’ 


signal to 
appear, 


Alternative hypothesis 


Within the general view of motoric function as being a balancing 
of agonist-antagonist forces by a sensory feedback control 
system, the authors have argued that Park 
appear to reflect excessive dela 
motoric functions, however, 


insonian symptoms 
у in the sensory systems. Such 
would show almost identical 
malfunction as a result of excessive speed in the efferent paths or 
of other events which reduce latency of muscle contractions. 
While the proprioceptive delay hypothesis and the present 
alternatives are in one sense in Opposition to each other, they 
share a fundamental similarity. Both hypotheses follow from the 
assumption that complex motor symptoms do not necessarily 
indicate a malfunction of Specific motor-control center or dis- 


tuption of pathways. The symptoms can result from such general 
factors as a change in spee: 


d of action of components of the 
sensorimotor system. 


Present knowledge does not permit a true specification of the 
locus of the Parkinsonian malfunction. It may be perceptual, 
integrative or motoric. The present concern with proprioception 
follows from research and argument by others that the speed of 
motoric events in normals is set by the limits of afferent control 
(Bartlett and Bartlett, 1959). It also follows from observations 
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that the slowing of performance in ageing is primarily due to 
perceptual rather than to efferent or muscular deterioration 
(Braun, 1959). As will be described below, moreover, there is 
ample evidence concerning the presence of both normal and 
pathological perceptual delays. 


Perceptual Delays 


Normal delays 


While not often discussed in recent psychological literature, 
variable delays in the normal perceptual process are a common 
and well-established phenomenon (Boring, 1950). The existence 
of perceptual delays in normals was first noted in the early 1800s 
by astronomers. It appeared as disagreement between different 
observers in attempts to compare the time of the transit of a star 
across a point in the telescope field with the beat of a clock. 
Laboratory research directed to the problem, the complication 
experiment, soon showed that if, for example, an auditory and 
visual stimulus were presented at the same moment, either one or 
the other might be experienced as occurring first. The intermodal 
difference in perceptual speed varied among Os, and varied 
within a single O as a function of direction of attention. The 
modality to which one attends shows the shortened delay 
(Angell and Pierce, 1892; Stone, 1926). 

Perceptual delays can also be produced by variations of 
stimulus intensity. One measure of such a delay appears in 
reaction time studies, in which decreases of stimulus intensity can 
drastically increase response latency (Cattell, 1885). 

In summary, the study of perception in normals shows per- 
ceptual delay to be a common phenomenon. Delay varies as an 
inverse function of stimulus intensity within a modality, It varies 
between modalities as a function of direction of attention and of 
fairly stable aspects of individual difference. 


Existence of pathological delay 

The theory, that Parkinsonism involves proprioceptive delay, 

gains credibility from a report of a specific perceptual delay in 

another patient population (Sutton ef al., 1961). Normal and 

Schizophrenic Ss were presented with a series of stimuli at 
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intervals of a few seconds. Red and green lights and high and 
low tones were presented in an apparently random sequence, with 
instructions to release a single key no matter which one appeared. 
A given stimulus could be preceded by an identical one, by a 
different stimulus from the same modality or by a stimulus from 
another modality. In the shift from light stimuli to sound stimuli, 
the schizophrenics showed a disproportionately longerretardation 
than did normals. 

The above research design controlled for the effects of general 
response speed, for level of attention and for the effects of motor 
set. By exclusion, therefore, the present writers infer that the 
prolonged response times were the result of a delay in perception. 
While this auditory delay appeared as a result of a specific 
stimulus sequence, the fact of a difference between schizophrenics 


and normals shows that perceptual delays can occur as aspects of 
a pathological condition. 


Neurophysiology of Delay 


Parkinsonism may be produced by anatomical lesions in the 
extrapyramidal system, by a variety of drugs or by metabolic 
disturbances (England and Schwab, 1961). Why should dissimilar 
events such as these all produce the same group of symptoms? 
The notion of a proprioceptive delay, as the source of the varied 


motor malfunctions, provides a possible unifying process, While 


the mechanism of the hypothesized delay is itself a problem 
requiring explanation, 


We now need explain only one event rather 
than many. 


Obviously, a detailed mechanism of transmission delay can 
not be proposed at present, Knowledge concerning such a mech- 
anism is lacking for the variable delays known to occurin normals, 
as well as for the hypothesized proprioceptive delay. In attempting 
to point the way toa neurophysiological explanation of delay, one 
can only describe a possibly relevant phenomenon, the observed 
functional inhibition and facilitation of neural conduction. 


Reticular formation 


The regulatory activity of the reticular formation on sensory 
conduction is itself dependent on ascending somesthetic input as 
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well as on impulses from the sensory-motor cortex (England and 
Schwab, 1961). The brainstem reticular formation is a significant 
relay station of the extrapyramidal system. Unregulated motor 
activity can be produced by anatomical damage to the basal 
ganglia, by damage to certain parts of the reticular formation or 
by disruption of connecting pathways between basal ganglia 
and reticular formation (Himwich and Rinaldi, 1957). The 
reticular formation, therefore, provides pathways (and connexions 
between them) by means of which an imbalance might be pro- 
duced between the ascending impulses and the descending extra- 


pyramidal outflow. 


Reticular activating system 

The role of the reticular system in arousal is well established. 
Drugs and electrical stimulation that produce alerting may also 
produce tremor and rigidity. Conversely, those drugs that block 
arousal, and some lesions of the system, are often effective 
against extrapyramidal disorders. Moreover, extrapyramidal 
symptoms disappear in sleep and reappear on awakening. The 
function of the reticular system thus plays an important role in 
extrapyramidal disorders (Himwich and Rinaldi, 1957). 


Biochemistry 
Parkinsonism responds to, or is produced by, a number of com- 
pounds, The postulated central synaptic transmitter, acetyl- 
choline, produces alerting and worsens Parkinsonism. Anti- 
cholinergics can prevent arousal and are used in the treatment of 
Parkinsonism (Himwich and Rinaldi, 1957). Two other com- 
pounds, serotonin and norepinephrine, have recently been 
implicated as also playing an active role in central synaptic 
transmission. Both of these compounds exert an influence on 
Parkinsonism and were found to be present in abnormal con- 
centrations in Parkinsonian brain and urine (Barbeau, 1962). 
Reserpine and chloropromazine, used in the treatment of schizo- 
phrenia, were found to interfere with the utilization of serotonin 
and norepinephrine, respectively. Both drugs influence the 
reticular system and may worsen or even produce Parkinsonism. 
These latter observations suggest that an abnormal concentration 
Or metabolism of serotonin and norepinephrine may be the 
195 


ware 


The Role of Proprioception in Skill 


biochemical requirements of the Parkinsonian state (Frigyesi, 
1961). It is of interest that all of the biochemical mechanisms 
implicated in Parkinsonism are also implicated in synaptic 
transmission and in the functioning of the reticular activating 
system. They could thus act on these processes governing 
normal transmission delay. 

It was mentioned earlier that schizophrenics reportedly showed 
a different pattern of perceptual delay than normals. This 
observation now gains in relevance in light of the fact that 
abnormal metabolism of serotonin and norepinephrine has been 
implicated in the etiology of schizophrenia (Wooley and Shaw, 
1954). 

In summary, present knowledge of the neurophysiology and 
biochemistry of Parkinsonism is incomplete. The existing data, 
while compatible with alternative theories as well, are clearly 
consonant with the notion of a changed speed of neural trans- 
mission. This mechanism could account for tremor and rigidity 
as due to anatomical damage or to chronic or drug-induced 
metabolic disturbances. Delay could, in principle, occur by à 
variety of neurophysiological processes and at various loci. 
The detailed mechanisms of delay, both normal and pathological, 
have yet to be discovered. 


Symptom Variability and Delay Theory 


The proprioceptive delay theory accounts for a number of 
generally puzzling aspects of Parkinsonian symptoms. Short- 
comings in the theory are also evident. 


Behavioral paradoxes explained 


Many patients who can no longer walk, can march or dance to 
music (Meyer-Koenigsberg, 1923). Patients examined in our 
laboratory, whose slowness and rigidity prevent them from feed- 
ing themselves, can often catch a ball, These apparent para- 
doxes in the behavior of patients with Parkinsonism become 
meaningful when viewed in relation to the present theory. In 
walking, the proprioceptive feedback from one step serves as a 
signal for the next step so that a proprioceptive delay would 
distort and abort the movement sequence, while in marching 
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and dancing the beat of the rhythm signals each step. Ball 
catching, unlike feeding oneself, involves a brief movement in 
response to a visual signal. The oddly intact behaviors thus have 
a common characteristic. An external stimulus provided an 
alternative to proprioception. 


Variability of tremor 

Tremor is highly variable, tending to decrease during voluntary 
movements and to be subject to voluntary inhibition. In these 
situations the patient’s attention is, in all likelihood, directed to 
proprioceptive stimuli. As indicated earlier, attending to a 
modality increased speed of perception in that modality, relative 
to the speed in other modalities. The reticular activating system 
is the likely neurophysiological mechanism. The decreased 
Parkinsonian tremor during volitional motor acts is thus in 
accord with the theory of proprioceptive delay. 


Rigidity 

Parkinsonian rigidity does not commonly decrease in response to 
the above events which reduce tremor. The theory of propriocep- 
tive delay, and of the effect of attention on delay, does not easily 
account for this aspect of rigidity. A similar difficulty appears in 
the effects of anti-Parkinsonism medications, where some drugs 
are more effective against tremor and others are more effective 
against rigidity (Frigyesi, 1961). The proprioceptive delay theory 
is thus, at best, incomplete. If proprioceptive delay is the com- 
mon mechanism in Parkinsonian symptoms, the theory must 
eventually be elaborated so as to explain how this delay varies 
independently within different functional units of the proprio- 
ceptive system.' 


1. After this paper was completed, W. W. Hofman in two articles dis- 
cussed the role of the gamma system in the Parkinsonian state. These 
articles (J. Neurol. Neurosurg. Psychiat., vol. 25, 1962, pp. 109-15, 203-7) 
describe electromyographic studies in man from which he concludes that an 


overdamping of the gamma system occurs in Parkinsonism. 
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Part Five 
The Mechanisms Underlying Skilled 
Performance 


The basic ideas advanced by Craik (Reading 10) that man’s 
behaviour in a control system could be modelled by an 
intermittent correction servo have been actively developed by 
many researchers. The three papers in this part represent three 
ways in which servo principles have been incorporated in 
theories of the mechanisms underlying perceptual-motor 

skill. 

Paillard (Reading 15) shows the way in which various parts 
of the central nervous system are linked by tracts to make a 
series of closed loops — an essential condition for servo-control. 
The C.N.S. is organized hierarchically with an appropriate 
closed-loop system at each level. He shows how the teleological 
behaviour of organisms may be accounted for simply by the 
operation of a series of self-regulating mechanisms. The excerpt 
shows how engineering and physiology may combine tp provide 
a basis for psychological explanation. 

Gibbs (Reading 16), in a paper specially prepared for this 
book of readings and completed shortly before his untimely 
death, takes this idea further. He juxtaposes the expected 
performance of a control mechanism working according to the 
principles of servo-engineering with the ease with which 
subjects can transfer skills from one situation to another. He 
notes that the sophistication of the biological error-actuated 
control system is considerably greater than that of an 
engineering analogue, but that the essential features are the 
same. 

Licklider (Reading 17) describes two servo-based systems as 
models of different kinds of tracking performance. Naturally 
the dominant concept is that of feedback but an attempt is 
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made to describe a complete system involving both feedback 
loops and information transformation. The system is complex 
and described largely in engineering terms. One consequence of 
this analysis is to emphasize the critical differences between 
different forms of tracking behaviour. 
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Mechanisms of Self-Adjustment 


Excerpt from J. Paillard, ‘The patterning of skilled movements’, in J. Field 
(ed.), Handbook of Physiology: Section I Neurophysiology, vol. 3, American 
Physiological Society, 1960, pp. 1700-703. 


For biologists, the most interesting control systems are those 
commonly called ‘servo-mechanisms’ or slave systems. Com- 
ponents and characteristics of servo-mechanisms are numerous 
and varied, but their common feature is that they possess some 
kind of controlling device able to appreciate continuously the 
discrepancy between the state of the machine realized at a given 
moment and the final aim assigned to it by its constructor. 
Through a ‘feedback’ circuit, the information collected from an 
error-detecting device is at every moment sent back to the servo 
motor controlling the output. By modifying the input command it 
permits the output to be corrected for the detected discrepancy. 
Thus the ‘behavior’ of a servo-mechanism is not governed by a 
blind obedience to the order of a predetermined program of 
action, but it presents a kind of self-adjustment by modifying the 
input command of the system as a function of its output. 

Such ‘telelogical’ mechanisms (4) are designed to attain a given 
goal (such as attainment or maintenance of a given equilibrium 
or pursuit ofa moving goal) by their operation despite unexpected 
changes occurring (within a certain range) in the field of external 
forces, They present a type of ‘flexibility’ of their performance. 


input output 


feedback 


Figure 1 Schema showing the principle of organization ofa 
Servo-mechanism unit 


203 


Lockere Bewegungen 


ant. 


ag. 


ant. 


ag. 


ant—— | 


ag. 


final position is achieved only by 
(from Wachholder, 10) 


quantity 


time 


transient oscillatory behavior 


quantity 


steady-state error 


transient error 


time 


Top: Diagram showing transient stability of a physical system 

with varying degrees of damping. Curves 2, 3 and 4 are progressively 
underdamped and show increasing signs of oscillatory behavior. Curve 
1 is overdamped and shows great stability at the expense of a long 
response time. A servo-mechanism shows a similar mode of 
functioning. Compare these curves with those recorded by 
Wachholder (from Brown and Campbell, 1). 

Bottom: Response of a human subject in a tracking experiment. 

The diagram illustrates the several kinds of observed errors between the 
response (dashed line) and the command (solid line) during a sudden 
change in the latter. A steady state and transient errors, as well as 
transient oscillatory behavior, are also characteristic of the 
performance of a servo-mechanism (from Ruch, 9) 
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They give a clue to understanding how a simple physical system, 
the organization of which rests on unmodified rigidly connected 
working parts, can, thanks to the feedback action, present a 
certain range of freedom in the adjustment of its performance. 
Homeostatic processes and more general neural activities have 
been analysed in this way (6, 7). 

Attempts also have been made to approach certain aspects of 
human sensorimotor behavior in the same way. Although too 
schematic and too simple to account for the complex total process 
involved in human behavior, the analogies with the physical 
systems just described provide a suggestive model for the dynamic 
aspects of human controller tasks (2, 3), Figure 1 shows some 
aspects of these analogies. 

The analogies between the mechanisms of voluntary movements 
and those of servo-mechanism are also found to be close, although 
not complete (9). The stream of volitional impulses which initiates 
skilled movements may be seen as a programmed input which 
puts to work the cortical motor mechanisms considered as part of 
a complex servo-mechanism. 

Several closed loops have been identified which modulate by 
feedback control the emission of corticofugal impulses. Some are 
long loops including either various proprioceptive or exteroceptive 
feedback circuits, more or less directly coupled with the organ 
of movement or with the outcomes of the action; they consti- 
tute, therefore, ‘output-informed’ feedback circuits, Others are 
shorter loops connecting the motor cortex to the cerebellum or to 
the other subcortical way stations. They do not include the peri- 
pheral output of the system, and hence constitute what Ruch calls 
‘input-informed’ circuits (9). Organized close-loop controls have 
been found at all levels of the nervous system (see Figure 2). 

The spinal machinery presents the closest comparison with the 
servo-mechanisms (8). Thanks to its many self-regulating circuits, 
it gives to its output, the contraction of muscle, smoothness and 
precision. Despite the classic view of reflexes as stereotyped 
reactions of a rigid prearranged apparatus, this reflex machinery 
taken as а functional whole appears as a self-adjusting mechanism 
of high flexibility. Such systems adapted to local regulations are 
included in larger functional units likewise organized as self- 
regulatory devices of a higher order of’ complexity. We know, 
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Figure 2 Simplified diagram showing some examples of output- and 
input-informed circuits playing part in the control of motor command. 
s.m.c,, sensory-motor cortex; thal., thalamus; c.st,, corpus striatum; 
pyr., pyramidal tract; n.cb., neocerebellum ; p.cb., paleocerebellum ; 
f.b.m., bulbomesencephalic formations; mn., motoneuron; fus., intrafusal 
receptors; art., articular receptors; ext., exteroreceptors 
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for instance, the astonishing flexibility of postural regulatory 
systems. Taken as a whole, such systems act like time-continuous 
error-detecting devices that position the body in space by varying 
the output of the muscle to counteract changes in gravitational 
force (9). " 

According to Ruch (9), the corticocerebellocortical circuit 
may also represent a part of a mechanism by which an instan- 
taneous order of cortical origin may be ‘amplified and extended 
forward in time’, It should be efficient in starting and in stopping 
a movement without jerkiness. This might be accomplished by a 
controlling feedback proportional to the velocity of the move- 
ment. In this view ‘cerebellar tremor may be comparable to the 
oscillation of an undamped servo-mechanism in which the feed- 


back is removed’. 


association ahinencephalon 


hypothalamus 


receptors effectors 


Figure 3 Highly simplified diagram of the chief sensory, associative and 
motor paths throughout the nervous system, which illustrates the 
circular organization of the sensorimotor relations at any levels. Only 
the ‘output-informed’ circuits are represented. Some direct sensory 
connexions to various higher structures have been intentionally omitted 
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Ruch likens the cerebellum to the ‘comparator’ of a servo- 
mechanism which receives from the cerebral cortex some repre- 
sentation of the command, and from the muscle and other 
exteroceptors representation of the resulting movement. These, 
compared, may result in a signal which when transmitted to the 
motor cortex alters its commands to the muscles so as to diminish 
the discrepancy. 

The higher integrative levels themselves, which operate within 
a system of higher order, do not escape the same basic mode of 
organization. Thus, the whole nervous system will have to be 
viewed asa functional hierarchy of systems, each of which includes 
subsystems and so on, a view already stressed earlier by Weiss 
(11). At all levels of this hierarchy, we shall find the same common 
principle of organization of sensorimotor functional units. 

A principle of circular regulation seems to govern the funda- 
mental mode of relation which ties the efferent to the afferent 
portions of the nervous system either inside the body or through 
the external medium. Thanks to its self-regulating mechanism, 
each working unit of this system assumes, in a given range of 
flexibility, its own functional balance in accordance with the 
requirements of the general equilibrium which results in this 
internal unit contributing to the effectiveness of the organism as 
a whole, 

We are then led to the older concept of ‘senso-motility’ of 
Exner, as well as to its more recent expressions (5), to conceive 
the dynamic patterning of neryous commands as a result of the 
continuous stream of nerve impulses which is carried along a 
variety of circular paths that form closed loops at various levels 
of an anatomically ordered structure and which flows continu- 
ously from sensory receptors to effector organs, as shown in 
Figure 3. 

Space does not permit further discussion of the several func- 
tional implications and the necessary limitations of such a 
principle of organization in its theoretical as well as practical 
aspects. Although we may speculate concerning its broader 
significance for the analysis of living organisms as teleological 
systems of action (4), we will assert for our restricted field its 
undeniable explicatory power to account for the flexibility of 
motor performance which, in other respects, is dependent on a 
prearranged pattern of neuronal interconnexions. 
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16 C. B. Gibbs 


Servo-Control Systems in Organisms and the Transfer of 
Skill 


Original paper published here for the first time. 


A large amount of biological data support the thesis that there 
are essential similarities between the methods used by organisms 
for controlling their movements and those developed, much more 
recently, by control engineers. Servo theory has important appli- 
cations to the study of human behaviour. One major problem 
concerns the transfer of skill between two tasks; the initial learn- 
ing of one task may help or hinder the subsequent learning of 
another to give respectively, positive or negative transfer of skill, 

A hypothetical servo-model of tracking skill is developed below. 
It is shown that the self-adaptive characteristics of the servo- 
model correspond closely with variants of a tracking task among 
which a trained human operator shows high positive transfer of 
skill. Conversely, there is little or no positive transfer and indeed 
there may be negative transfer, between two tasks that differ in 
such fashion that a servo-mechanism designed to discharge the 
first task would need considerable modification to deal with the 
second. 

From the theoretical viewpoint, there are many transfer effects 
(Burke and Gibbs, 1965; Gibbs, 1951, 1954), which appear as 
inevitable by-products of the contro! methods adopted by 
organisms in the course of evolution. Such effects may therefore 
provide valuable clues to the particular type of sensory organiza- 
tion that has been adopted by organisms for movement control, 
from the many that could be conceived. 

The practical requirements for effective training devices and for 
machines that take full advantage of habitual skills can only be 
met by improving our present understanding of the mechanisms 
that underlie the transfer of skill. 

Tn an attempt to achieve fuller understanding, biological data 
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relating to movement control are presented and a relevant servo- 
model is later deduced. Similarities between the action of the 
model and transfer effects are then discussed. 

The model is somewhat speculative, as is inevitable in the 
present state of knowledge. The present concepts justify discus- 
sion, however, in the absence of tenable alternative notions and 
the pressing need to develop a systematic, experimental approach 
to the problems of the transfer of skill. 


The General Problem of Control 


Common requirements for speed, precision and flexibility must 
be met by living organisms and by mechanical control devices 
that match or compensate for unpredictable changes in the 
environment. 

Tn an open-chain system, an input signal effects direct control 
ofthe output or motor element. The method is effective in specific 
conditions, where the input control signal is faithfully reproduced 
in transmission by all elements in the chain but the requisite 
conditions do not exist in the human neuromuscular system. 
There are gross non-linearities of power amplification in the 
muscles and skeletal linkages. The input-output relation depends 
on the initial length and load on the muscle and also varies with 
fatigue. There is continuous variation in these influences. A given 
input signal cannot produce a consistent response and simple, 
open-chain control is thereby precluded. The alternative method 
of error-actuation must be used for effective control. The method 
is based upon an input signal which defines the required state of 
a system and a signal fed back from the controlled member, 
which relates to the actual, achieved state of the system. The two 
signals are compared in an error-sensing device and the difference 
or error is fed forward as a demand signal that determines the 
magnitude of the motor response. The difference between signals, 
rather than absolute values, determines the response of an error- 
actuated system, which therefore compensates to some degree for 
changes in signals and absolute states due to sensory adaptation 
and fatigue. 

It is not possible to initiate a movement of definite extent 
without data on the initial state of the controlled member. In 
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organisms, as in machines, positional data on initial states are 
needed for control. 

There are appreciable delays in the transmission of neural 
impulses and in generating forces in muscles. Movements could 
not be halted at a required point on the basis of positional feed- 
back data that a body member had reached that particular point. 
The above delays would cause large and consistent overshoot, if 
positional data were used exclusively in control. In such condi- 
tions, a simple but effective method of controlling the extent of 
movement is to move the controlled member at an average speed 
proportional to the intended extent and to maintain that speed for 
an approximately constant period of time. A direct analogy is to 
use the speedometer to maintain speeds of 60 and 30 m.p.h. in 
a car for one hour, to travel respective distances of 60 and 30 
miles. 


Control at Peripheral Level 


The servo-control loop in muscle has been described by many 
writers, including Eldred, Granit and Merton (1953), Lissman 
(1950), B. H. C. Matthews (1933), P. B. C. Matthews (1964) and 
Merton (1953). The probable action of the loop is illustrated by 
Figure 1 which depicts a descending foot, rotated by the contrac- 
tion of muscle A to meet the sloping ground. The structure marked 
‘spindle’, lying in parallel with the main muscle, is a micro- 
muscle which receives gamma motor impulses from the brain. 
The spindle contracts and changes its shape from that shown in 
muscle B to that in A, i.e. the polar regions thicken and thus 
extend the equatorial region and an annulo-spiral, primary nerve 
ending carried upon it. Extension of the latter causes an increase 
in the neural discharge flowing around the spinal pathways from 
the micro-muscle to the alpha motor nerves, that act directly to 
produce contraction of the main muscle A. The resulting con- 
traction of the main muscle shortens the micro-muscle and the 
primary nerve which lie in parallel. The discharge of the primary 
nerve ending is thereby reduced to its initial level, when the new 
length of muscle A matches the changed length of the micro-muscle 
that initiated thecyclicactivity. Changes in the length of themicro- 
muscle are therefore faithfully reproduced at a far higher power 
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level by means of an error-actuated system which responds to 
differences in the length of the main and the micro-muscle. 
Changes in load, mechanical advantage and power may momen- 
tarily slow the contraction of the main muscle relative to the 
contraction of micro-muscle but increased disparity automatically 
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Figure 1 The servo-loop in muscles 


increases the magnitude of the discharge that produces contrac- 
tion of the main muscle. Similarly, when the foot meets the 
ground, the weight of the body will exert a levering action on the 
foot and apply a sharp stretch to muscle A and the primary 
nerve ending. The discharge to the main muscle is thereby greatly 
increased to produce massive contraction to support the weight 
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of the descending body. The stretch reflex illustrates the important 
reversible property of error-actuated systems, i.e. proprioceptive 
feedback signals, like motor input signals, can produce contrac- 
tion of muscles. 

The muscles may be energized by the rapidly conducted alpha 
discharge through the direct routes shown in Figure 1 instead of 
by the slower gamma impulses which incur additional delays 
from transmission through the comparatively indirect pathways 
of the muscle loop. The cerebellum plays an important part in 
determining the relative use made of the rapid alpha discharge 
and the slower gamma impulses (Granit, Holmgren and Merton, 
1955). The discharges may well be used in succession for the 
rapid primary movements and the slower secondary adjustments 
of discrete aiming movements that were distinguished by Wood- 
worth (1899). 

The delays in the muscle servo must be compensated for in 
walking, so that adequate force is available to support the body 
when the foot touches the ground. The discharges from proprio- 
ceptors in muscles and tendons, shown in Figure 1, are related to 
the rate of change of muscle length and tension respectively and 
these derivative data are used in the repetitive activity of walking, 
for predicting needs for future output of force. Appropriate 
demands are despatched from the cerebellum to muscle in time 
to compensate for neuromuscular delays (Higgins and Glaser, 
1964), i.e. extrapolation from past motion compensates for system 
delays. 

The contraction of the agonist muscle A stretches the anta- 
gonistic muscle B and its primary nerve. The increased discharge 
of the latter will produce some co-contraction of muscle B by the 
action described previously. The total discharge depends partly 
on the extension of the primary nerve that is related to the 
absolute length of the main muscle B. This component of the 
total discharge is related to the position (2) of the limb. The 
primary ending is connected to the main muscle by visco-elastic 
“attachments however, and there is much greater extension of the 
primary ending during rapid stretch than slow extension. This 
effect contributes a rate of stretch component (и) to the total 
discharge. The total discharge is therefore related to the states 
that are controlled bya position plus rate servo, sometimes named 
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a rate-aided or a quickened system. At slow rates of stretch, the 
discharge is correlated mainly with the length of muscle but the 
rate component (и) increases with increased rate of stretch and 
becomes dominant in rapid movements. In organisms, the ratio 
of A to wis variable whereas it is constant in the mechanical rate- 
aided systems designed by control engineers. 

The muscle loop deals automatically with the rapid fluctua- 
tions in external conditions that arise in walking over uneven 
ground and the servo eliminates the need for visual attention to 
detailed control. In organisms, such servo mechanisms are im- 
portant because they are self-adaptive in operating conditions 
that are new in experience, i.e. they provide positive transfer 
between diflerent operating conditions. 

There are receptors in joints that can continuously indicate 
initial position, rates of. angular movement and also signal, at 
least intermittently, the angular positions of moving limbs (Boyd 
and Roberts, 1953). 

Data from primary nerves and tendon organs are transmitted 
in rapidly conducting fibres to the cerebellum but not, it appears, 
to the cerebral cortex. Data from joint receptors are conducted 
relatively slowly to the thalamus and the cortex (Mountcastle 
and Rose, 1959), thus supporting the view of Goldscheider (1889) 


that joint receptors are mainly responsible for conscious sensa- 
tions of position and movement. 


Control at Corticocerebellar Level 


Figure 2 is a highly simplified diagram of some neural arrange- 
ments that are used in the control of movement, Visual input data 
go to zone 1, representing the thalamus, that also receives pro- 
prioceptive feedback signals via the spino-thalamic tracts. It is 
hypothesized that this zone produces an error signal, based upon 
the required and actual positions of the body member and that 
this signal is transmitted onward to zone 2 which represents the 
cortex. The cortical demand signal to muscles may be transmitted 
via the pyramidal pathways that are used in effecting fine, posi- 
tional adjustments. This pathway excites but does not inhibit 
muscular activity. A representation of the cortical order goes to 
the cerebellum (zone 3) and the extrapyramidal motor pathways 
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Figure 2 Diagram of the central nervous system relating to movement 
control 


continue down to subserve reflex activity and long-sustained, 
relatively gross movements. These pathways may either excite or 
inhibit muscular activity and they may well be part of a system 
that generates and regulates a required rate of movement. 


Model of Movement Control 


Figure 3 shows a model of neural arrangements and functions 
that are depicted in Figure 2. 
The pick-up element (left) detects the position (4) and speed 
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(и) of a target. The 7-signal that defines the required position is 
transmitted to the differential at the upper right of the figure, 
that also receives feedback defining the actual position of the 
motor. A rack and pinion moves a sliding contact along potentio- 
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Figure 3 Servo-model of placing reaction and tracking responses 


meter 1 by an amount proportional to the difference between 
the required and actual positions of the motor. The motor runs 
until this difference is eliminated by movements of the 4 feedback 
Shaft which return the slider on potentiometer 1 to its zero or null 
position. 

The required speed (и) of the system is also detected and trans- 
mitted from the pick-up element to move a sliding contact along 
potentiometer 2. The position of the slider is also affected by a 
feedback signal defining the actual speed of the motor, that is 
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transmitted via a conventional speed governor. The latter main- 
tains the required motor speed. 

Essential features of the model are a 2-pathway that transmits 
an input discharge which is always excitory and a corresponding 
feedback path which always inhibits and halts movements. The 
feedforward and feedback pathways that define required and 
achieved speed respectively, are used to generate and monitor 
speed. They can either accelerate (excite) or decelerate (inhibit) 
the speed of the motor. 

Despite its simplicity, the model is compatible with many data. 
The speed regulator of the model corresponds to the cerebellum 
and here, injury or ablation produce deficiencies in movement 
that would also occur after damage to the regulator of the model. 
The fact that monkeys rush headlong into clearly visible objects 
may be due to movements that are weak and slow or not 
restrained by the right amount at the right time. 

The positional differential of the model represents the thalamus, 
a centre of known importance in controlling the position of 
body members. The model shown in Figure 3 has a connexion to 
convey data on the ‘present position’ of the controlled member 
to the differential that represents the thalamus. This pathway 
provides negative feedback that always inhibits movement. 
The model is therefore consistent with findings that stimulation 
of the thalamus can halt an animal's movements in a frozen 
posture, 


Advantages of Rate-Aided Control 


Figure 4 illustrates the advantages of a rate-aid system, which 
provides simultaneous corrections to errors of both position and 
speed, over systems which control only position or else speed 
alone. The figure illustrates the problems involved in tracking an 
accelerating target where a constant speed of following may be 
adequate for brief periods but soon becomes stale and leads to 
a positional error. The positional error may be corrected, as 
shown in Figure 4, without necessarily correcting the basic error 
in speed. In such a case, further positional errors rapidly develop. 
Similarly, a correction of the speed error alone will not correct 
positional error. Figure 4 also shows simultaneous correction of 
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Figure 4 Corrections in tracking an accelerating target 


a positional error (4) and the rate error (и) that caused it and so 
illustrates the typical correction of a rate-aid system. 

In mechanical rate-aid systems there is a fixed ratio between the 
magnitude of a positional adjustment and the resulting change in 
System speed. Usually, a target is acquired by means of a large 
Positional adjustment that may in turn generate unduly high 
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system speed in a specific direction. On acquisition, the speed of 
the tracking system rarely matches that of the target. A number 
of successive corrections are then needed to nullify the error in 
initial speed. In contrast, a position plus rate correction can be 
made with considerable speed and accuracy by a finger when first 
pointed at a moving target, irrespective of the relative values of 
the two components. On acquisition, the finger settles almost 
immediately to the correct tracking rate. The control methods 
adopted by organisms over some hundred million years still have 
considerable advantages over those developed by modern control 


engineers. 


Some Characteristics of Servo-Control 


In an open-chain system, a specific input signal produces a stereo- 
typed, highly invariant output. The system cannot provide the 
adaptability needed in a highly variable environment. Stimulus- 
response theorists tend to assume that a main function of learn- 
ing is to provide open-chain control; such theories are entirely 
inappropriate in the context of perceptual-motor skills that 
demonstrate marked variability and adaptability in dealing with 
changes in the environment. 

From the servo viewpoint, skill is based largely on learned 
relations between the output of body members and propriocep- 
tive feedback that defines their position, force output, direction 
and rate of movement (Boyd and Roberts, 1953; B. H. C. 
Matthews, 1933; Mountcastle, Poggio and Werner, 1963). The 
extent of movement is probably determined by monitoring 
a required rate of movement, as defined by proprioception, 
for a definite time. Learning would be minimized by maintaining 
all movements for a relatively constant period and making move- 
ment speed proportional to the extent of movement required, 
rather than using several combinations of different times and 
speeds for each required extent. There is in fact, relative time con- 
stancy in primary, aiming movements of different extent when the 
same proportional accuracy is required in all movements (Fitts, 
1954) and this characteristic would be provided by the servo- 
model shown in Figure 3. 

The muscle servo shown in Figure 1 provides automatic 
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compensation for different terrains or loads. Such adaptability, or 
positive transfer, is a major characteristic of control by error 
actuation. 


The Hierarchy of Control Systems 


There is a hierarchy of control loops in the central nervous system. 
The loops are far more numerous and complex than those shown 
in Figure 2. Transfer of skill effects vary with the control loop in 
use. The inadequacy of current theories of the transfer of skill 
stems largely from the failure to make this distinction. 

It is hypothesized that exteroceptive feedback is dominant in 
the early learning of all tasks and skills. A main function of 
learning is to permit the use of lower loops in the hierarchy by 
delegating detailed duties of monitoring from exteroceptors to 
proprioceptors. A major function of such delegation is to reduce 
demands on visual attention. The relations between the output 
and proprioceptive feedback must be learned to permit delegation 
of monitoring. The duration of delegation depends on the 
predictability of the effects of a given activity upon the environ- 
ment. 

In the tasks of continuous tracking or tracing, close visual 
attention is needed and monitoring can only be delegated to 
proprioceptors for very brief periods. The environmental effects 
of such activity cannot be reliably predicted long in advance of 
its execution. There is considerable positive transfer between 
many variants of tasks that are monitored in the main by extero- 
ceptive feedback. The skill of tracing transfers highly among 
different templates, scale of movements, limb segments and limbs. 
Similarly, in continuous tracking, skill transfers highly between 
task variants that differ in respect to target motion, control gain, 
control lever, limb segment and limb. In one study (Gibbs, 1954) 
there was about 90 per cent of positive transfer in both directions 
between a conventional free-moving control lever and a pressure- 
operated lever, although the effects of a given deflection of the 
two levers differed in the ratio of 40 to 1. The explanation is that 
in continuous tracking the operator deflects the control lever by 
whatever amount is needed to nullify the visually perceived error. 
The procedure is identical, irrespective of the size of the error or 
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the corrective adjustment that is made, so that automatic com- 
pensation is provided for changes of gain. 

Controller motion is paced by the target in continuous tracking 
and it is often slow enough to be monitored closely by vision, but 
in step-input tracking a common criterion of performance is the 
time taken to acquire a target with a specified degree of precision. 
Rapid movements are needed but cannot be visually monitored, 
so that monitoring must be delegated to proprioceptors. The 
hypothetical basis for control is that a particular rate of contrac- 
tion is maintained for a definite time. The free-moving and the 
pressure-control levers were deflected, respectively, by the iso- 
tonic and isometric contraction of muscle. The discharges and 
their feedback were completely different and they provided no 
basis for positive transfer between two levers in a task that 
by hypothesis, was monitored by proprioceptive feedback. In 
this case, the relevant prediction was that there would be no 
positive transfer between the levers. This prediction was confirmed 
in a study of step tracking with a positional control system with 
no lag, using eight adult subjects (Gibbs, 1965). One group of 
four subjects had 5 days of practice on the moving control and 
then transferred to the pressure control for a further 5 days. This 
group showed about 40 per cent of negative transfer on exchang- 
ing controls. The other four subjects learned and transferred 
between the controls in the opposite order. There was no positive 
transfer from the pressure-operated joystick to the moving con- 
trol lever. 

The skill of writing is a development of copying and tracing 
and it can be delegated and monitored by proprioception because 
of the highly predictable effects of this bodily activity. Pro- 
grammes of movement, based on highly invariant relations 
between output and proprioceptive feedback can therefore be 
established. Occasional visual checks are needed on size, slope 
and margin but fairly extensive passages can be written with the 
eyes closed. The skill is usually learned by practising with the 
fingers and wrist but there is high positive transfer to some limb 
segments that are not usually practised directly. Arm movements 
are used for writing on a blackboard and it is possible to write 
with a pencil held between the toes. There is little positive transfer 
of writing skill however, from the preferred to the non-preferred 
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hand. This phenomenon is compatible with the hypothesis of 
proprioceptive monitoring. Groups of proprioceptors in specific 
muscles and joints that signal a right to left movement of one arm 
are activated by the opposite direction of movement of the other 
arm. Two directionally opposed codes for programmed movement 
appear to co-exist in the brains of ambidextrous subjects but it 
may be reasonably assumed that the adoption of a single code 
would reduce interference and increase the number and speed of 
the programmes that could be established. The assumption finds 


some support in the fact that most people develop a dominant 
hand. 


Habitual Output-Feedback Relations 


The everyday activities of pointing and placing Objects establish 
consistent relations between the movements and feedback data 
from exteroceptors and proprioceptors. The ‘expected’ relations 
that develop provide support for the theory that organisms make 
extensive use of servo methods of control. Habitual relations have 
great practical importance also, because it is difficult to learn to 
control a machine with relations that are incompatible with those 
that obtain in everyday skills. 

The habitual directional relation between control and display 
movements is developed because in pointing and placing, the 
proprioceptive and visual data are compatible in signalling the 
same direction of movement. Some machines have an incompat- 
ible relation however, where the controlling limb and the display 
index move in opposite directions and there is a conflict between 
the directional data fed back from proprioceptors and extero- 
ceptors. The same situation arises in mirror tracing. There are 
well-known difficulties in learning incompatible directional rela- 
tions, because there is no positive transfer, indeed there may well 
be negative transfer, from habitual skills. 

In habitual skills, there are similar, concomitant changes in 
the discharge from exteroceptors and proprioceptors that both 
define limb motion and the beginning and cessation of movement. 
These relations are retained in a positional servo-system but not 
in control systems of higher order. For example, when the foot on 
an accelerator pedal ceases to move, the car may still be in motion 
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with the changes registered by exteroceptors. Again, there is little 
ог no positive transfer from habitual skills to high-order control 
systems which are much more difficult to learn than positional 
systems, 

Finally, there are transmission delays in the central nervous 
system but these are relatively uniform. They are learned and 
compensation is provided for in the exercise of everyday skills, 
However, the time delays in many machines impose additional 
delays between proprioceptive and exteroceptive feedback, that 
produce well-known difficulties in learning. 

Incompatible relations provide a valuable tool in research 
because they force a return to the tactics and thé exteroceptive 
control loop that were used in the initial learning of everyday 
skills. It then becomes possible to observe the delegation of 
monitoring to proprioceptors as the incompatible relation is 
learned (Gibbs, 1965). 


Conclusions 


The model and the various hypotheses presented here provide 
bases for functional and mechanistic explanations of phenomena 
of the transfer of skill. It is clearly important to classify skills and 
task variants that produce different transfer effects despite con- 
siderable similarity, as in the remarkable example of pressure- 
operated and free-moving controls. 

At the present time, even the descriptive distinctions made 
between different types of activity, e.g. ‘voluntary’ and ‘involun- 
tary’ movements are woefully inadequate. The use of these terms 
connotes control by the will and begs all possible questions of 
control. Activities that are monitored mainly by vision demand 
close attention, whereas proprioceptive monitoring occurs mainly 
in the cerebellum that is not a centre of consciousness. The terms 
‘attentive’ and ‘programmed’ activities are suggested to provide 
a verbal distinction that is useful in practice, although theoretical 
views on the nature of movement control will probably differ for 


a considerable time. 
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Conditional Servo-Models 


Excerpt from J. C. R. Licklider, *Quasi-linear operator models in the study 
of manual tracking’, in R. D. Luce (ed.), Developments in Mathematical 
Psychology, Free Press, 1960, pp. 266-72. 


In the foregoing sections, we have suppressed two considerations 
that we must now bring into the discussion. The first is the dual 
input to the operator in pursuit tracking. The second is the larger 
role of proprioceptive feedback — feedback not confined to the 
motor centers but extending to the perceptual centers as well. 
These are closely related, because the proprioceptive feedback 
gives the compensatory tracker to some extent the same informa- 
tion that the pursuit tracker derives from his display. 

A concept useful in thinking about these problems is the 
‘conditional servo’. It is a feedback arrangement discussed by 
Ham and Lang (1955) and suggested as a model for tracking by 
Elkind (1955). It has the feature of functioning as an open-loop 
system as long as the output agrees with an *intention', but of 
subjecting any discrepancy between output and intention to 
negative feedback. 

A. simple conditional servo is represented schematically in 
Figure 1. G isa network to be stabilized. P is its inverse: PG = 1, 
For the sake of simplicity, we assume that P is correctly 
designed and stable. If G is correctly designed and stable, also, 
and if N = 0, then Y = X, and there is no error E and therefore 
no feedback. However, if the parameters of G change, or if there 
is a disturbance N at the output, the deviation of Y from X is 
subjected to negative feedback through the amplifier К, and the 
discrepancy is reduced to the fraction 1/(1 + kG) of the value it 
would otherwise have had. 

This concept is useful for us because in some (particularly 
pursuit) situations the human operator tends to run freely in 
more or less open-loop fashion as long as all is going well, but 
to operate as a servo-mechanism when his responses cease to be 
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Figure 1 Schema of a conditional servo. If P. is the inverse of G (i.e. if 
PG = 1), and if N = 0, Y = X and there is no feedback. If G becomes 
different from P, or if there is a disturbance, 0 at the output, X — Y = £, 
and £ is fed back with gain k. Since the feedback is negative, it stabilizes 


the output against variations in G and against disturbance /V, without 
affecting the desired response 


comparison 


Figure 2 Schematic diagram showing various feedbacks that operate in 
a pursuit tracking situation. The output of the control is fed back 
through F and displayed to the operator as DF CR. The operator sees 
his hand move the control. This gives him A and therefore a chance to 
learn something about DFC. Internally, he has proprioceptive feedback 


from the movement. Putting this together with the visual information 
about A, he can in principle discover the input impedance of C. In 
Simple cases, that may determine also the transfer function of C. The 
feedback path for ’ knowledge of results’ involves comparing Y with X 
and selecting pay-off or reinforcing stimuli on the basis of the 
Comparison. The shaping of the human operator is governed by the 
pay-off and by information, derived from the other feedbacks, about 


the external situation. There is usually an ' instruction ' channel into the 
operator 
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appropriate. The simple schema has to be adapted, of course, but 
it makes a useful component for models of the human operator. 

A second useful concept might be called feedback control of 
parameters. It appears that the adjustments of the parameters of 
the human operator are made in part on a trial-and-error basis, 
and that the optimization and stabilization of behavior depend 
largely upon the preserving or discarding of trial adjustments 
under the influence of feedback. Ashby (1952) has developed 
this idea in detail. 


Conditional Model for Pursuit Tracking 


With the aid of those concepts, we may consider building a fairly 
literal model of the human operator in a visual-manual pursuit 
tracking situation. 

First, we should distinguish among the several feedbacks 
represented in Figure 2. (a) A feedback signal D FC R is presented 
to the operator via the display. (b) The manual response R usually 
is seen directly by the operator. (c) There is kinesthetic and 
somesthetic return R’ from various parts of the hand, arm and 
body. There often is, or often should be, feedback concerning the 
effectiveness of the performance of the over-all system or the 
section of it within which the operator is working. 

Next, referring to Figure 3* we should note that the target 
signal U X, the system feedback signal FCR, and the incidental 
visual signal R from arm, hand, etc., are delivered in parallel to 
the multichannel visual system. They are kept separate and at 
the same time interrelated in the process of visual perception. 

For convenience, we may divide the over-all processing into 
(perhaps largely arbitrary) stages. First, we have the visual 
sensory process (Vis) culminating in a display of data to the per- 
ceptual mechanism. The perceptual mechanism predicts, from 
the display data, where the target is going. (It probably also 
predicts where the follower and the hand are going, but the 
Schema will be complex enough without that. In a separate 
operation, the perceptual mechanism measures the difference 


1. To simplify the discussion, we shall assume that the display D may be 
represented by unity. 
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between the displayed target and displayed error. This difference 
is filtered and used as a conditional feedback and also as a 
“knowledge-of-results’ signal K to supplement the reinforcement 
P provided by the pay-off system. 


Ux 


Figure 3 Semi-detailed schema showing some of the signal paths in 
pursuit tracking. The target signal UX and the two feedback signals are 
delivered to the visual system. The perceptual system operates in part on 
the target system signal and in part on its relation to the fed-back 
signals, trying to predict (Pr) ahead enough to neutralize the processing 
time delay. (FC) -' and (UW) ¬" are envisaged as networks developed in 
so far as possible to be inverse to FC and U W. The 'computer' shares in 
guiding the development of (ЕС) –1, since there is some basis in the 
feedback channels for discovering the nature of the control-feedback 
dynamics. (U W)-! can be developed, however, only on the basis of 
pay-off (see Figure 2). The relay Re/ passes the perceptual output on 

to the motor system, which is envisaged as a servo-loop, with feedback 
M.F. from the contractions of the muscles and H.F. from the resulting 
displacements of the hand. The two filters (Fil, and Fil) are developed 
in part to represent inversely the dynamics of the motor system and in 
part to suppress tendencies to oscillation that may result from the 
predictor's failure to neutralize the time delay. Fi/, has high gain at low 
frequencies and acts as a conditional feedback path 


Following the predictor is a cascade of filters. The first filter, 
Fil, adjusts itself to be the inverse of the relay and motor dyna- 
mics of the operator. Presumably he comes to the task with this 
network partly formed, since it is the component that translates 
the sensory signal into motor terms. The adjustment is refined by 
K and P. The second filter, (FC)-', adjusts itself in so far as 
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possible to be the inverse of the cascaded control C and feedback 
network F. The required dyamics are computed from FCR and 
R, and the adjustment is refined by K and P. The third filter, 
(U HW)" adjusts itself in so far as possible to be the inverse of U 
and W, which are external to the loop. The only aid to that 
adjustment is P, and there appears to be little hope of accom- 
plishment unless U and W are simple. However, if the system 
were set up with U = 1 and W = — 1, for example, the operator 
should in due course learn to reyerse his reaction. 

The order of Fih, (FC)-! and (U W)~' as linear operators is of 
course immaterial. In the human operator, there doubtless is 
either a preferred sequence or a combining into one network. 

In so far as the networks we have discussed are perfectly 
adjusted, there is no need for feedback and, since the feedback is 
conditional, there is none. The adjustments will not be perfect, 
however. For one thing, there is no perfect, physically realizable 
inverse to a time delay. The error signal K is therefore continually 
in action, feeding back into Rel, the relay to the motor system, 
in such a way as to bring the response into line with the target. 

The motor system is represented in Figure 3 as a follow-up 
system, paced by control signals from the relay. The two feed- 
back paths represent the relatively unimportant distinction 
between the kinesthetic and other purely internal receptors, on 
the one hand, and tactile receptors, etc., that gain information 
from the surface of the control, on the other. 

The complexity of the arrangement just described almost pre- 
cludes experimental analysis. In principle, however, analysis is 
possible, and work in the general area continues at such a pace 
that it may eventually be made for a few tracking situations. The 
basic problem, stated in terms of quasilinear models, is to find 
transfer functions for (Pr) (Fih) (ЕС)! (U И)! and for Fil, that, 
taken together with high-frequency factors appropriate for Vis, 
Rel and the motor feedback loop, will check with experimental 
results. There is of course no need to analyse the cascades into 
separate blocks. It would be of considerable theoretical interest to 
trace the adjustment of parameters during learning. Tracking 
appears to offer an excellent setting for such study. 
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Conditional Model for Compensatory Tracking 


A variation of the model just described lets us bring compen- 
: Satory tracking into the same general paradigm. In compensatory 
tracking, only the error is displayed to the operator, but he has 
his hand on the contro! and therefore has direct visual and/or 
proprioceptive access to R. In Figure 4, the feedback signals from 


FCR| 


= 


Figure 4 Semi-detailed schema for the compensatory tracking, 
Corresponding to Figure 3 for pursuit tracking. Here the visual system 
does not see the target motion UX. The predictor and the several 
‘inverse’ networks can function effectively, therefore, only to the extent 
that UK can be recaptured through joint analysis of R and S. If D = 1, 
S = E and UX = Е + CR. The main hope is for the ‘computer’ (not 
shown here in the interest of relative simplicity ; see Figure 3) to solve 
the dynamics of C and to form CR from R. Then the chain Pr, Fil, ..., 
can operate оп UX = E+CR and the system can function, as in Figure 3, 
аз a conditional servo. In practice, of course, the human operator does 
the necessary computing and circuit arranging imperfectly. Evidently 


the task of reconstructing UX from E and А is particularly difficult for 
him 


R, and from within the motor system, are added to the sensed 
error signal, with the aim of re-creating X, the target motion. If 
the control, feedback and other external dynamics are unity, this 
is operationally a very simple matter. And experience in com- 
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pensatory tracking suggests that one can and does (o some extent 
figure out what the target is doing in more or less the way sug- 
gested. With that information, the operator can in principle 
proceed just as he does in pursuit tracking. 

Tt is clear, however, that even the simple task of adding the 
error and feedback signals together is in practice very difficult, 
particularly if the feedback is mainly proprioceptive and the 
error visual, Even when the operator sees his response directly, 
he does not make very effective use of the possibility that lies 
open to him. The conditional servo is therefore usually in opera- 
tion as a feedback system. 

In most practical tracking situations, the control and other 
elements in the external dynamics involve integrations. This 
further complicates the problem by requiring the operator to 
match the integrations by adjusting his own feedback paths. This 
requires very much time and practice. Probably the development 
of the appropriate networks accounts for a large part of the 
experienced operator’s skill. 

There is one idealized situation, however, in which the opera- 
tor might rather easily take full advantage of the possibility of 
reconstructing the target motion. Let all the external dynamics 
be unity, and let the control be located directly on the display. 
Then, if the control is truly compensatory — if an error to the 
tight is corrected by a control motion to the left, and vice versa — 
the target position is given directly by the geometry. All the opera- 
tor has to do is to examine as a function of time the distance be- 
tween his control and the error dot. That is the target signal. 

Even if the control is not immediately adjacent to the display, 
the operator may be able to use this geometrical aid to some 
extent. The thought suggests itself, therefore, that this notion 
may have a bearing on the question of display-control compati- 
bility (e.g. Clutton-Baker, 1951; Grether, 1947; Mitchell and 
Vince, 1951). It is very much easier for an operator to learn to 
operate a compensatory control that has to be moved away from 
the error dot than one that has to follow the dot. The widely 
accepted theory that explains this sometimes quite dramatic 
difference is sometimes called the ‘principle of the moving part’. 
As applied to simple situations with only one moving element, 
the principle states that the element in the display that moves 
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with respect to the display’s coordinate system should corre- 
spond to, and move in the same direction as, the element in the 
real situation that moves with respect to the earth’s coordinate 
system. The principle leads, however, to a paradox: according to 
the theory, a pilot’s view through his windscreen is a poor dis- 
play, for, relative to the frame of the windscreen, the earth moves 
and the aircraft stands still. It seems possible that the distinction 
between pursuit and compensatory control may be basic to the 
whole problem, and that display-control compatibility in the 
case of compensatory control may be in large part a matter of 
approaching pursuit control as closely as possible. 
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Part Six The Acquisition of Skill 


Two main problems are posed by the acquisition of a new skill. 
What are the conditions which promote acquisition and what 
changes take place in the underlying mechanisms when skill is 
acquired? The Hullian S-R approach to learning a skill 
emphasizes the association of responses to stimuli, some of 
which could be proprioceptive. Though not a necessary 
consequence of this view, many researchers have considered 
that such a theory would predict the development of relatively 
stereotyped chains of responses instead of the flexible, 
pragmatic behaviour which characterizes skilled performance 
(see Reading 16). 

Miller, Galanter and Pribram (Reading 18) advance the 
theory that organisms more often learn guiding principles, 
programmes or Plans rather than specific responses. They 
draw heavily on the analogy of a computer programme which 
guides in a flexible manner. It may be that the chain of 
stimulus-response associations provides the best description of 
learning in simpler organisms but in man an emphasis on 
Planning and strategy would appear more appropriate. 

Learning a new skill depends upon feedback or knowledge of 
results which tell the learner how successful he is. Holding 
(Reading 19) presents a classification of different forms of 
knowledge of results. Experimental evidence is presented to 
show how manipulating feedback affects skill learning and 
performance. It is unusual for a new skill to be approached 
without some kind of initial guidance which usually constrains 
the ways in which the learner approaches his task. Guidance 
may range from a few verbal hints to exact physical guidance 
which ensures that the controls are never incorrectly 
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manipulated. Holding (Reading 20) describes a number of 
different kinds of guidance and the relative efficiency of 
introducing them into a course of training. 

Crossman (Reading 21) presents a mathematically expressed 
model of the selective development of skilled behaviour in 
which it is assumed that less successful approaches to the task 
are progressively eliminated. The model predicts that skill will 
continue to develop though improvements will become 
progressively less marked as the period of practice increases. 
This prediction is verified for a number of tasks including 
cigar-making performance over a period of seven years. 
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Motor Skills and Habits 


Excerpts from chapter 6 of G. A. Miller, E. Galanter and K. H. Pribram, 
Plans and the Structure of Behavior, Holt, 1960, pp. 81-92. 


Consider for a moment the family record player. It is a machine 
with a routine, or program, that it follows whenever it is properly 
triggered. The machine has a routine for changing records. 
Whenever the appropriate stimulus conditions are present – for 
example, when the arm is near enough to the spindle or when a 
particular button is pushed — the routine for changing the record 
is executed, There is even a ‘sense organ’ that discriminates 
between 10-in and 12-in records and there are effectors that push 
the next record into place and lower the tone arm gently into the 
groove of the record. The entire performance is obviously 
voluntary, for no matter how we curse the machine for failing 
to play the record we want, we will not alter its sequence of 
operations, The routine for changing records is built into the 
machine, locked in, and it never guides the actions of any other 
machine. 

However, the record that is played by the machine is also a 
program. It is a program that controls the small movements of 
the stylus and, simultaneously, the larger and audible movements 
of the diaphragm of the loudspeaker. But the record is a com- 
municable program. It can be played on any one of a large class 
of different machines. Machines that can use communicable 
programs, that can share them with other similar machines, are 
Obviously more flexible than those that cannot. The fixed cycle 
of the record changer makes it far less flexible than the phono- 
graph stylus, which can follow an indefinite number of different 
patterns of movement. Communicability is an extremely impor- 
tant property that a program – or a Plan - can have. Communi- 
cable programs are not limited to the mechanical world; the 
chromosome is an example of a communicable program in 
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biological form. At the behavioral level, of course, communicable 
Plans play the central role in our educational processes. 

Habits and skills are Plans that were originally voluntary but 
that have become relatively inflexible, involuntary, automatic. 
Once the Plan that controls a sequence of skilled actions becomes 
fixed through overlearning, it will function in much the same 
Way as an innate Plan in instinctive behavior. The description 
of the conditions under which various skilled components will be 
triggered, or released, is much the same in both cases, The new 
problem that we must consider when we move from instincts to 
habits and skills concerns how learned Plans become auto- 
matized. 

When an adult human being sets out to acquire some new skill, 
he usually begins with a communicable program of instructions. 
Another person, either verbally or by exemplification, communi- 
cates more or less schematically what he is supposed to do. But 
just having the basic strategy in verbal form does not mean that 
the learner can correctly develop and elaborate the tactics on the 
first try to execute the Plan. For example, when a man learns to 
fly an airplane he begins by getting a communicable Plan from 
his instructor. The Plan - or a rough, symbolic outline of its 
Strategy — is communicated through some such message as this: 


To land this plane you must level off at an altitude of about ten feet. 
Then, after you have descended to about two feet, pull back on the 
elevators and touch down as you approach stalling speed. You must 
remember that at touch-down the control surfaces are less sensitive, 
and any gust may increase your airspeed. That may start the plane 
flying again, so be Prepared to take corrective measures with the 
throttle and elevators, And if there is a cross-wind, lower the wing on 


the windward side, holding the plane parallel to the runway with the 
Opposite rudder. 


That is the strategy for landing airplanes. When skilfully 
elaborated and executed it will serve to get pilot and craft safely 
back to earth. It is a short paragraph and could be memorized in 
a few minutes, but it is doubtful whether the person who memor- 
ized it could land a plane, even under ideal weather conditions. 
In fact, it seems likely that someone could learn all the individual 
acts that are required in order to execute the Plan and still be 
unable to land successfully. The separate motions, the separate 
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parts of the Plan, must be fused together to form a skilled per- 
formance. Given the description of what he is supposed to do, 
the student still faces the major task of learning how to do it. 
There is a kind of complementarity between the teacher and 
the student. It is easy for the teacher to describe the general 
strategy, but difficult for him to communicate the detailed tactics 
that should be used. For the student, on the other hand, each of 
the muscular movements involved can be made in isolation, but 
it is difficult for him to combine those tactical details into a larger 
motor unit, into a feedback mechanism that will effortlessly guide 
his movements to reduce the differences between his intended 
and his actual performance. In order to be able to execute the 
Plan by a smooth, controlled motor unit, the aspiring aviator 
must find many small, intercalated acts not specified in the 
instructor’s original description of the Plan. The general strategy 
provided by the teacher says nothing about the activities of 
individual muscle groups — the instructor ‘knows’ these inter- 
calated acts because he knows how to fly, but they are locked in, 
implicit, tacit, rather than explicit and communicable, Thus, we 
get a picture of the instructor working from the strategic toward 
the tactical in his efforts to communicate the Plan, while the 
student is working from the tactical toward the strategic in his 
efforts to carry it out. ‚ 
Even when an instructor does recognize а possible intercalated 
act, it may actually be better pedagogy to let the student invent 
hisown idiosyncratic tactics for carrying the Plan into his muscles. 


d be opened slowly so that rudder-control 
come the tendency of the plane to 
Open the throttle continuously so 
t to five; when you reach 


On take-off the throttle shoul 
can be introduced smoothly to over 
turn as a result of increased torque. 
that it is completed by the time you coun’ 
three start to apply some right rudder. 


unt is an attempt to provide a more detailed 
integration of the successive parts of the Plan and it is bad teach- 
ing. The student is, or feels, terribly tense and terribly busy. 
Telling him to count to five is almost certain to interfere with his 
performance of other parts of the Plan. Counting might work 
for some people, but for the entire sample that we studied it was 
a dismal failure — he found a trick of his own that he liked far 
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better. As he pushed the throttle forward to the panel he kept one 
finger of the hand on the throttle extended, and when the extended 
finger hit the panel he began to apply the right rudder. This 
simple device provided the feedback that enabled him to convert 
a sequence of discrete acts into a coordinated unit of behavior. 

Since a learner must discover these little tricks that can connect 
the successive parts into a smoothly running skill, it might 
appear that he is merely chaining one activity to the next, not 
building a hierarchical Plan. But if the skill is simply a chain of 
reflexes, each one hooked to the next, then it is difficult to 
understand why, in the preceding example, the instructor’s j 
method of chaining was not satisfactory. Unless there is some 
over-all pattern to the skill, a pattern that the instructor sees one 
way and the student sees differently, why would one intercala- 
tion, ceteris paribus, be better or worse than another? 

What would happen if all the details of a sequence were 
worked out by the coach and imposed with rigid insistence on the 
learner? If skills were nothing but chains of reflexes, a detailed 
account of the correct sequence should be an efficient way to 
teach them. Probably the most intensive effort to specify exactly 
what a person must do with each movement is the work of 
‘motion-study’ experts. On an assembly line in a factory there 
may bea task that consists of, let us say, assembling three washers 
on a bolt. The analysis of this task into *micromotions? will 
specify the exact time at which each hand should move and the 
operation it should perform. For the left hand, the instructions 
may read *Carry assembly to bin', *Release assembly', *Reach 
for bolt’, etc., while at the same time the right hand is instructed 
to *Reach for lock washer’. ‘Select and grasp washer’, ‘Carry 
washer to bolt’, etc. For cach of these motions a fixed duration 
is specified. This is about as near as anyone can come to writing 
programs for people that are as detailed as the programs we write 
for computing machines, 

The description of the task can be transformed in various ways 
in an attempt to find a Sequence of motions that achieves the 
result most efficiently, with fewest movements and in least time. 
The men who make this kind of analysis have developed certain 
general rules about how sequences of action can be formed to 
run off smoothly and rapidly. For example, the two hands should 
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begin and complete their movements at exactly the same time. 
Motions of the arms should be opposite and symmetrical. There 
must bea fixed position for all tools and materials. And on and 
on. Following these rules, motion-study engineers are able to 
develop chains of responses that can be executed with nearly 
maximal efficiency. But, unfortunately, workers may not acquire 
the strategies possessed by the engineers — they frequently object 
to being so tightly regimented and seem to feel that the boss is 
trying to exploit them unfairly. 

When people have time to develop the skill themselves, that is 
to say, when they form a Plan to guide the gross actions — even 
an inefficient Plan — they find for themselves the interposed 
elements that produce the skill. Finding these elements is essen- 
tially a test of the adequacy of the strategy. Once a strategy has 
been developed, alternative modes of action become possible, 
and we say that the person * understands" the job that he is to do. 

In most natural situations, the development of skills involves 
the construction of a hierarchy of behavioral units, each unit 
guided by its own Plan. This fact is seldom recognized in the 
motion-study analysis, which is rather puzzling because the 
hierarchical character of skills was pointed out explicitly by 
Bryan and Harter at least as early as 1897, when they demon- 
strated the successive levels of skill involved in telegraphy.' In 
1908 Book wired a typewriter to record the time of occurrence of 
successive key-strokes and then collected data while people 
learned the ‘touch method’ of typing. People first memorized the 
positions of the different letters on the keyboard. Then they 
would go through several discrete steps: look at the next letter in 
the material that was to be copied, locate this letter in their 
image of the keyboard, feel around on the actual keyboard for 
the key corresponding to the remembered position, strike the 
key and look to see if it was correct. After a few hours of practice 
these components of the Plan began to fit together into skilled 
movements, and the learner had acquired dependable ‘letter 
habits’. Further speed resulted when they began to anticipate the 
next letter and build up small subroutines to deal with familiar 
sequences like -ing and the. By then dependable ‘word habits’ 

1. For a short but representative summary, see Woodworth and 
Schlosberg (1954), pp- 809-13. 
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were developing. Finally, the experienced typist read the text 
several words ahead of the letters he was typing at the moment, 
so that one could say he had developed ‘phrase habits’. He learns, 
one might say, to put feedback loops around larger and larger 
segments of his behavior. This sequence of stages in the acquisi- 
tion of typing skill is familiar to anyone who has gone through 
it, who has watched the units at one level of skill come smoothly 
together to form units at a higher level, until eventually a skilled 
typist can concentrate on the message and let the muscles take 
care of the execution of details. 

Typewriting, however, is a rather special case. The final com- 
ponents, the key movements, are very discrete and atomic. 
Probably most of the skills we have to acquire are much more 
fluid in their execution, but these are correspondingly more 
difficult for a psychologist to collect data on. 

We have assumed that the human being who is acquiring a new 
skill is aware of the strategy that he is attempting to follow. At 
least, he is aware of it in the sense that he can talk about it or 
point to examples of it. It is quite possible, of course, to build up 
skills without verbalizing the strategy, the way a baby learns. 

Almost no one - including physicists, engineers, bicycle manu- 
facturers - can communicate the strategy whereby a cyclist keeps 
his balance. The underlying principle would not really be much 
help even if they did know how to express it: ‘Adjust the curva- 
ture of your bicycle's path in proportion to the ratio of your 
unbalance over the square of your speed.' It is almost impossible 
to understand, much less to do. *Turn your handle bars in the 
direction you are falling,’ we tell the beginner, and he accepts it 
blindly, not understanding then or later why it works. Many 
teachers impart no rule at all, but perform their service by run- 
ning alongside the bicycle, holding it up until the beginner *gets 
the idea’.? It is not necessary, fortunately, to know explicitly 
the rules that must be observed by a skilful performer — if it were, 
few of us would ever be able to sit up in our cradles. Sometimes 
we can help a learner do the right thing for the wrong reason, 


2. The bicycle is borrowed from Polanyi (1958). Chapter 4 in that re- 
markable book emphasizes the importance of our inarticulate skills for all 
branches of knowledge and the extent to which we blindly accept a frame of 
reference that we cannot justify when we acquire a skill. 
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as when we tell a skier to make a left turn by imagining that he 
is putting his right hand in his left pocket or when we tell a 
golfer to keep his eye on the ball. But for the most part we must 
rely upon inarticulate guiding and demonstrating until the pupil 
‘catches on’ or ‘gets a feel for it’. 

Animals acquire skills, of course, without memorizing verbal 
descriptions of what they are supposed to do. When we train an 
animal to execute a series of responses in order to attain a valued 
outcome, the strategy is not carried in the animal’s memory. 
Only the experimenter needs to know the total Plan. The animal 
is required merely to build up the smooth transitions that chain 
one action to the next. That was probably the goal of the motion- 
study experts. 

For example, if we wish to train an animal to press a lever in 
order to get a ball, then to push the ball into a funnel, and after 
that to return to the food magazine to be fed, we could build up 
the chain in many different ways. Any of the components could 
be taught at any time. Then when they are put together the con- 
sequences of one action become the occasion for the next action, 
and each new segment is released as it becomes appropriate. 
Probably we would choose to build up the chain of responses 
backwards, starting first with the approach to the food tray, then 
with the ball down the funnel, etc. Many psychologists are quite 
skilful at training animals to perform such long and elaborate 
stunts. But we would argue that the animals seldom acquire the 
total Plan; the strategy is in the trainer, or in his mechanical 
substitute, the experimental equipment. The animal has learned 
a number of different components that enable it to perform as 
though it had a larger Plan. The critical test occurs when some 
particular outcome in the long chain fails to occur on schedule, 
The animal will not continue with the next step. Tolman and his 
students have argued that rats are capable of mastering a total 
Plan as well as its component parts, but a rat's skills in this direc- 
tion are difficult to demonstrate in a laboratory situation.? In any 


3. The evidence indicates that rats, and probably most other inarticulate 
creatures, are much more proficient in mastering Plans when the Images that 
support them can be spatially organized. The well-known observation by 
Lashley (1929) that rats that had learned a maze could still negotiate it even 
though Lashley had, by surgical operations, made it impossible for them to 
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case, rats are so vastly inferior to human beings in their ability to 
remember elaborate Plans that it is difficult to see why psycho- 
logists have felt that valid generalizations about cognitive struc- 
ture could be extended from rats to men. A central feature of the 
difference, of course, is that men have language to communicate 
their Plans from expert to novice and from one generation to the 
next. 

The verbal Plans with which a beginner tackles a new job - 
the look-remember-hunt-hit-check Plan for typing, or the move- 
right-rudder-when-extended-finger-touches-panel Plan for taking 
off — get turned over to the muscles that carry them out when the 
Skill is acquired.* The verbal form of the Plan is a learner's 
crutch which is later discarded when he learns to walk alone. The 
entire pattern of movements, guided continually by perceptual 
feedback, can then be represented in other Plans as if it were a 
unitary, independent act. The same procedure of welding these 
new units together to form still larger skilled units may repeat 
at the higher level, until eventually the typist is planning whole 
paragraphs or the aviator is planning whole trips, secure that 
when the time comes to execute the Plan the subdivisions will be 
prepared to carry out orders in a rapid, efficient manner. 

The verbalized strategies of a beginner may achieve the same 
result as the involuntary, habitual Strategies of an expert, so there 
is a sense in which we recognize that they are the ‘same’ Plan. 
But the beginner's plan is carried out in a way that is voluntary, 
flexible and communicable, whereas the expert's version of the 
Plan is involuntary, inflexible and, usually, locked in. One can 
say that the development of skill frees the verbal planner to work 
with larger units of the Plan. 

The implication of this attitude toward skills and habits is that 
man is assumed to be capable of building up his own ‘instincts’. 
Lower animals come with strategies wired in; man wires them in 


use the customary sequence of movements, must mean that new motor 
tactics could be substituted into the same general strategy; certainly the 
maze skill was not a learned chain of movements. When the organization 
cannot be represented spatially, however, as in Hunter's (1920) temporal 
maze, the rat has great difficulty. Cf. Campbell (1954). 

4. For a discussion of the integration and symbolization of overlearned 
responses, see Mandler (1954). 
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deliberately to serve his own purposes. And when the Plan is 
highly overlearned, it becomes almost as involuntary, as resistant 
to change depending upon its outcome, as if it were innate. Take 
a skilled typist, who for years has triggered off a muscular 
pattern for striking /, then л, and finally e whenever he wants to 
write ‘the’. Offer him money to type a page with the word ‘the’ 
always transcribed as ‘hte’, then watch him work. Probably he 
will not be able to do it. If he does, he will do it by slowing down, 
by trying to reinstate letter habits instead of word and phrase 
habits, thus abandoning his usual Plan for typing. If you put 
pressure on him to work fast in order to earn the money, he 
will certainly not be able to inhibit his usual Plan of action. 
Your money is quite safe. But one word of caution: do not let 
the offer stand too long, for habits are not completely resistant 
to change. If you take the time, you can replace them with new 
habits. Let him practice enough and he will build up the action 
unit needed to win your money. 

A good typist has constructed a set of inflexible strategies with 
most of the properties of instincts, a fact that non-psychologists 
often recognize when they speak of habitual actions as ‘instinc- 
tive’. The human being is frequently the victim of releasers for 
his skilled acts, just as the lower animal is for his instinctive acts. 
A trained athlete, for example, waits for the starting gun before 
he begins to execute his Plan for running the race. But he does 
not have his starting completely under volitional control, for 
otherwise he would never make a false start or ‘jump the gun’, 
The human being's advantage lies in the fact that his releasers 
are more complicated and that, moreover, he can usually deter- 
mine the conditions under which a releasing stimulus will be 
presented, whereas in the case of the animal’s instinctive act the 
trigger is usually simple and is provided by an environment that 
is not under the animal's control, 

The construction of integrated strategies for skilled acts 
through long practice and repetition has a further consequence 
for the kind of planning that the adult human can do. The con- 
struction of these subplans enables a person to deal ‘digitally’ 
with an ‘analogue’ process. The input to an aviator, for ex- 

5. In the language of computing machines, an analogue device is one 
in which the magnitudes involved in the computations are represented by 
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ample, isusually of a continuously varying sort, and the response 
he is supposed to make is often proportional to the magnitude 
of the input. It would seem that the good flier must function as an 
analogue device, a servo-mechanism. The beginner cannot do 
so, of course, because his Plans are formulated verbally, sym- 
bolically, digitally and he has not yet learned how to translate 
these into the continuous, proportionate movements he is 
required to make. Once the subplan is mastered and turned over 
to his muscles, however, it can operate as if it were a subprogram 
in an analogue computer. But note that this program, which looks 
so continuous and appropriately analogue at the lower levels in 
the hierarchy, is itself a relatively stable unit that can be repre- 
sented by a single symbol at the higher levels in the hierarchy. 
That is to say, planning at the higher levels looks like the sort of 
information processing we see in digital computers, whereas the 
execution of the Plan at the lowest levels looks like the sort of 
process we see in analogue computers. The development of a skill 
has an effect similar to providing a digital-to-analogue converter 
on the output ofa digital computing machine. (It may also be true 
that the perceptual mechanism provides an analogue-to-digital 
input for the higher mental processes, but we shall not explore 
that possibility here.) When an action unit has become highly 
skilled it can be executed directly without being first expressed 
in a digital, or verbal, form, and even without focal awareness.° 


————— 


physical quantities proportional to those magnitudes, e.g. by a voltage, a 
duration, an angle of rotation, etc. Thus, continuous variation in the input 
to the machine will result in a correspondingly continuous variation in the 
magnitude of the processes that represent it inside the machine and in the 
output of the machine. A digital computer, on the other hand, represents 
the magnitudes with which it works by symbols corresponding to discretely 
different states of the machine, e.g. by a relay that is closed or open, or a 
dial that can assume any one of ten positions, etc. Thus there is no simple 
resemblance between the input to a digital computer and the processes that 
Tepresent that input inside the machine. If you multiply by writing the 
numbers on paper, you are using a digital procedure. If you multiply by 
using a slide rule, you аге using an analogue procedure. See Neumann (1958). 
6. Pavlov’s well-known distinction between a first signal system, con- 
cerned with directly perceived stimuli, and a second signal system, devoted 
to verbal elaborations, Seems, in so far as we understand it, to parallel the 
` Present distinction between analogue and digital systems. See Simon (1957). 
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A reader who resents such crudely mechanistic analogies and 
hypotheses has the authors’ sympathy, but it is difficult to know 
how to express more accurately the difference between the 
strategic and tactical levels of skilled and habitual Plans. The 
argument could, of course, be phrased in neurological terms that 
might sound a bit less offensive. The cerebellum, for example, 
which has been considered the regulator and integrator of 
voluntary movements, may play the role of the digital-to- 
analogue converter. In a discussion of the cerebellum as a feed- 
back mechanism, T. C. Ruch (1951, p. 204) commented that 
*slowness of voluntary movement is characteristic of cerebellar 
patients and of normal individuals executing unpracticed move- 
ments’. The problem for most theories of the neural basis of 
skilled movements is that the skilled movements run off so very 
rapidly that there is little time for proprioceptive feedback from 
one movement before another must occur. Any simple conception 
in terms of feedback, or error-correcting, circuits must cope with 
therelatively slow transmission rates that are possible over neural 
paths. Ruch suggests that ‘a time-tension pattern of muscle 
contraction’ is instituted, projecting into the future, and then 
he notes that for such ‘planning movements’ the nervous system 
would have to have some way, presently unknown, of storing 
impulses for fixed delays. 


The cerebral-cerebellar circuit may represent not so much an error- 
correcting device as a part of a mechanism by which an instantaneous 
order can be extended forward in time. Such a circuit, though uni- 
formed as to the consequences, could, so to speak, ‘rough-in’ a move- 
ment and thus reduce the troublesome transients involved in the 
correction of movement by output-informed feedbacks (Ruch, 1951, 
p. 205). 


These suggestions correspond remarkably well to the kind of 
hierarchical Plans we have been considering here, particularly if 
we can consider Ruch's ‘instantaneous order’ as an instruction 
generated by a digital device and issued to an analogue device for 
the execution of planned movements. A Plan, either stored in 
or transferred to the cerebellum, would provide the roughed-in 
movement in advance of its actual execution. 

With proper scientific caution, Ruch comments that such 
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analogies between neural systems and servo-systems are ‘essen- 
tially allegorical’. Yet it is difficult to see how we can get along 
without them. The first thing we must know about any machine 
we might want to study is that it really is a machine, and the 
second is a shrewd guess as to what it is supposed to do. Given 
that much guidance, it is then possible to analyse in proper 
scientific spirit how the parts work to accomplish their purpose. 
But without a guess to guide him, the scientist may waste his 
beautifully precise descriptions on irrelevant aspects of the prob- 
lem. It is in that spirit that one ventures à guess that the cere- 
bellum is a machine to provide analogue Plans for regulating and 
integrating muscular coordinations, that is to Say, that the cere- 
bellum is a critical component in a digital-to-analogue converter 
on the output of the neural System for processing information. 
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Knowledge of Results 


Excerpt from chapter 2 of D. H. Holding, Principles of Training, Pergamon, 
1965, pp. 21-35. 


A Classification 


We must next inquire what kinds of knowledge of results there are 
and how well they serve the purposes of incentive or information, 
and of action or learning feedback. There are a number of distinc- 
tions to be made. To make it easier to appreciate the classification 
which is proposed these distinctions have been set out in the form 
of a ‘family tree’ in Figure 1. 

Knowledge of results may be intrinsic or artificial. In other 
words it may be present in the usual form of the task or else it 
may take the form of extra information added in for training 
Purposes, like a buzzer which sounds all the time a rifle is on 
target. This second kind is often called ‘augmented’ knowledge 
of results. 

Artificial knowledge of results may be concurrent or terminal. 
This rather ugly piece of jargon is intended to convey the distinc- 
tion between information which is present all the time a person is 
responding, as in watching а pointer while adjusting a control 
knob, and information which arises as a result of a completed 
response like the score of a dart throw. It will have occurred to 
many readers that intrinsic knowledge of results may also be 
concurrent or terminal. This is true. Similarly, most other dis- 
tinctions shown in Figure 1 may also be subdivided. The diagram 
only shows one set of branches for the sake of clarity. 

Terminal, and concurrent, knowledge of results may be either 
immediate or delayed. These types in their turn may be verbal or 
non-verbal; that is to say they may take the form of words or 
Scores, or else appear as physical indications like pointers or 
buzzers. Knowledge of results in a verbal form may be called 
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knowledge of score. This or its physical counterpart may be given 
after each response as separate knowledge or else accumulated 
over several attempts and presented at the end of the series. 
This classification is merely a convenience. Nevertheless, most 
practical examples can be adequately described in terms of these 
distinctions and, somewhat surprisingly, examples can be found 
to fit into most of the ‘spaces? it provides. For instance, accumu- 
lated, verbal, immediate, concurrent, artificial knowledge of 


knowledge of results 


intrinsic artificial learning 


concurrent terminal 
immediate delayed 
action non-verbal verbal 


Separate accumulated 
Figure 1 Different kinds of knowledge of results 


results is given by a trainer shouting integrated error scores to a 
person trying to follow a moving target, although we shall avoid 
these concatenations of adjectives wherever possible. More im- 
portantly, it makes possible some generalizations concerning the 
functions of different kinds of knowledge of results. As shown in 
the diagram, the nearer an artificial item is to the left-hand side 
of the tree the more likely it is to function as action feedback; 
and of course the nearer it is to the right the more likely it is to be 
learning feedback. Furthermore there is probably a tendency for 


greater incentive value to follow the lines of learning feedback, 
although this is less clear. 


Intrinsic or Artificial 


The difficulty about putting in artificial knowledge of results is 
that its effects may not last after its removal. Eventually the 
learner must come to rely upon the intrinsic cues. There is no 
point in learning to rely upon information which will not be 
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there when training is finished. The success of techniques of 
augmenting feedback will depend upon whether theycall attention 
to the intrinsic cues or make possible control of the relevant 
responses in a way which can later be taken over by the intrinsic 
cues. Of course intrinsic cues may contribute to the original 
learning, but by definition the trainer has no control over them. 
It is important here that he draws attention to them in various 
ways. 

One problem which arises is that tasks exist in which the 
intrinsic feedback does not relate directly to the object of the 
activity. It may be clear whether we have achieved what we 
intended to do, but not whether what we intended to do was cor- 
rect, If we are asked to give the Dutch equivalent for ‘stork’, 
intrinsic auditory feedback will help us to approximate to the 
sound ‘ooievaar’, but will not indicate whether we have used the 
right word. In such cases learning will not take place without 
knowledge of results, which must be injected artificially. More 
exactly, what the trainer must do is to provide standards against 
which we can assess our performance. It has already been pointed 
out that the learner must know what he is to do. Where this 
information is not available, it is essential to provide it. In this 
kind of situation the trainer is, in a sense, giving artificial know- 
ledge of results indirectly by providing the standards which 
transform feedback into real knowledge of results. 

Artificial feedback might be useful in training operators to 
appreciate cues of which they are not usually aware, as in the 
case of kinaesthetic sensitivity. Seymour (1954) discusses the 
handling of electrical pottery. Before firing, porcelain insulators 
must be held firmly as they are moved but not so firmly as to 
crush them. Seymour describes the use of dummy insulators with 
spring-loaded sides bearing on micro-switches; the tight amount 
of finger pressure flashes on a white light, while pressing too hard 
switches on a red light. Operators then build up familiarity with 
the necessary pressures by transferring the dummy insulators 
rapidly from tray to tray, all the time attempting to keep the white 
light in view and to avoid even momentary flashes of the red light. 

However, withdrawing artificial feedback may give disappoint- 
ing results. Goldstein and Rittenhouse (1954) provide an example 
in training for air-to-air gunnery. Practice was carried out on a 
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simulator, target aircraft being projected on to a curved screen in 
front of the gunsight assembly. With the ‘pedestal’ sight which 
they used, pointing the gun in the right direction for azimuth and 
elevation presents less difficulty to trainees than the problem of 
ranging. Setting to the correct range, by the method of ‘framing’, 
consists of squeezing a spring mechanism until a circle of dots 
just encloses the wing tips of the target aeroplane. The artificial 
feedback was a buzzer which sounded whenever the gun was on 
target. In similar work a filter which reddens the appearance of 
the aircraft has also been used for this purpose. 

As Figure 2 shows, the control group who worked without the 
buzzer made no real improvement after the first seven trials. A 


per cent of maximum score 


practice trials 


9— — — 100% buzzer 


@— — — — - 50% alternate buzzer 
О———————о 50% random buzzer 
Qe------- © control 


Figure 2 Artificial knowledge of results. Performance in the two middle 


Curves fluctuates as the buzzer is used or withheld. From Goldstein and 
Rittenhouse (1 954) 
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group getting buzzer information on 100 per cent of the trials 
appeared to improve, but showed a drop on the fortieth trial when 
the buzzer was withheld. Ina later experiment this drop continued 
until the sixtieth trial, at which stage no significant difference 
remained. In yet another experiment, when the trainees were 
transferred to a different kind of gunnery apparatus the buzzer 
group tended actually to perform worse than the control group. 
The results of two other groups are also shown in Figure 2. 
Both of these received buzzer information on 50 per cent of the 
trials, randomly chosen in one case and on alternate trials in the 
other. In each case the scores moved up and down depending 
upon whether or not the buzzer was used — this is what gives the 
‘zigzag’ appearance to the middle scores. The experimenters 
conclude that the effects of adding the buzzer were not permanent 
and they do not recommend the use of this kind of artificial feed- 
back. It is worth noting that the buzzer feedback is essentially 
of the concurrent type and will tend to behave as action feedback; 
the trainees tend to use it continuously to guide their responses 


rather than to evaluate their results. 


Concurrent or Terminal 


At first sight the distinction between concurrent and terminal 
feedback may appear completely to determine whether action or 
learningis helped bya particular kind ofinformation. The example 
of the kitchen scales which was used to illustrate the difference 
between the two functions contrasted the concurrent technique of 
watching the pointer moving with the terminal technique of mak- 
ing a reading when the push is complete. 

However, there are many ways in which the operator can make 
later use of information which he gains during action feedback, so 
that it is unlikely that his performance will not improve at all. 
Also, the use he can make of terminal cues may be limited since, 
as we have seen, a number of psychological stages intervene 
between one response and the next. The mere presence of 
terminal knowledge of results will not by itself guarantee a fast 
rate of learning. It remains true on the whole that, where the task 
is relatively simple, we may expect the results of terminal feed- 


back to be the more permanent. 
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The comparison is clearly made in an experiment by Annett 
(1959). His subjects practised pressing the handle of a plunger, 
receiving artificial knowledge of results for the first thirty attempts. 
The plunger was wired up to an oscilloscope so that concurrent 
visual feedback, in the form of a moving light, resulted from 
pressing the plunger. Roughly the same effect could also be pro- 
duced by a neon light which came on as the subject attained the 
target pressure. Alternatively the experimenter could make the 
knowledge of results take.a terminal form by covering the oscillo- 
scope face until the subject had attempted to get the right amount 
of pressure. The experimenter could then expose the oscilloscope, 
upon which there was a printed scale, or else announce the error 
verbally. 

What happened was that the subjects with concurrent feedback 
were able to reproduce the correct pressure with each response, 
while the terminal procedure gave fairly large errors at the outset 
which gradually reduced towards the end of the learning period. 
Next, the subjects were tested with no feedback. The subjects with 
terminal feedback did get worse, but only gradually. On the other 
hand, removing the concurrent feedback led to immediate and 
drastic loss of accuracy. After twenty ‘blind’ trials responses 
became so wild that the apparatus was damaged several times. The 
average error scores for the first twenty test trials are represented 
in Figure 3, which shows that the best condition of all was the 
verbal form of feedback. 5 

One might imagine that giving concurrent feedback only 
intermittently would help to maintain performance. For instance, 
if a subject is given knowledge of results every other trial he can 
use the feedback during any trial аз а kind of terminal knowledge 
of results at one remove from the previous * blind’ trial. In another 
pressure-learning test Annett did compare intermittent with con- 
tinuous knowledge of results. Despite the fact that knowledge of 
results on alternate trials only gives half the informed practice 
that continuous feedback offers, it did appear that there was an 
advantage in the intermittent procedure. However, the difference 
was not large and other studies of the same problem like the 


gunnery work of Goldstein and Rittenhouse (1954) have given 
negative results. 
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47 
p ا‎ 
scope verbal 


terminal concurrent 


Figure 3 Errors after learning with terminal or concurrent knowledge of 
results. The effects of terminal knowledge of results are more permanent, 
giving smaller errors on the ‘blind’ trials. After Annett (1959) 


Immediate or Delayed 


The effects of delay differ markedly between concurrent and 
terminal feedback. When the feedback is concurrent any delay or 
lag makes performance more difficult. With terminal knowledge 
of results the evidence suggests that mere delay is ineffective, or 
even conducive to learning, although it is true that the delay may 
offer an opportunity for interference from other sources. 

Lag in concurrent feedback from continuous motor skills 
disrupts performance (Conklin, 1957). The longer a delay between 
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moving a control and the corresponding movement of an indi- 
cator the worse performance becomes. In fact some deterioration 
occurs even if the delay is so slight that operators do not con- 
sciously notice it. The effects of this kind of lag are most dramatic 
in delayed feedback of speech (Lee, 1950). In these experiments a 
person speaks into the microphone of a tape recorder assembly, 
which stores his speech and replays it into his earphones about a 
quarter of a second later. The sound of his ordinary speech is 
masked off by the earphones and his effective feedback is the much 
louder delayed speech. In these circumstances the average person 
stutters, slurs his words or omits whole syllables, as if in a state of 
intoxication. Similar effects occur with delayed handwriting (van 
Bergeijk and David, 1959). 

When the knowledge of results is terminal a rather different 
situation arises. The subject has merely to complete a response 
and attend to the relevant feedback in due course. It was originally 
thought that delay of knowledge of results was similar in its 
effects to the delay of reward with animal subjects, whose learning 
is adversely affected. An experiment by Greenspoon and Foreman 
(1957) did appear to show that increasing the delay up to 30 
seconds caused decreasing learning, but many other studies of 
delayed terminal feedback have given negative or conflicting 
results. 

One reason for the confusion is th: 
intervals are involved. We havi 
tion arises as a result of a 
feedback for the next resp 


at several quite different time 
е seen that although the informa- 
previous response it supplies learning 


Оп$е. It seems likely therefore that the 
delay before the next response will be at least as important as the 


delay before knowledge of results is given, The position is shown 
in Figure 4. If the response (R1) which produces the knowledge 
of results (K R) is followed by the next response (R2) ata constant 
time interval, both kinds of delay are affected by a shift in the 
timing of knowledge of results. Changing from case (a), with 
Short delay of KR to the longer delay in case (b) has had the 
effect of reducing the delay before the second response, so that 
what is lost on the Swings is gained on the roundabouts. 

When weconsider case (c), where the interval between responses 
is longer, the implications are different. Both delays are long and 
We may expect some decrement in learning. Bilodeau and Bilodeau 
256 


D. Н. Holding 


(1958) have shown that this is true, and it is also true that, if 
anything, the delay after knowledge of results is more important 
than the delay beforehand. In order to find any substantial effects 
of delay they were led to investigate delays of as long as 24 hours 
or 1 week. Clearly, if the subject can make a response on one day 
and receive knowledge of the results of that response the follow- 
ing week, we may conclude that the mere passage of time is of 
little importance. Presumably what matters is whether or not the 
knowledge of results is unambiguously seen to belong to the 
appropriate response. In some cases we may even expect delay to 
be beneficial, forcing the learner to attend to the intrinsic cues. 


(a) short delay before, long delay after KR 
e 


R1 KR - R2 
(b) long delay before, short delay after KR 
е 
R1 KR R2 
(c) long delay before, long delay after KR 
— e fracas) 
R1 KR R2 
(d) second response interpolated before KR 
ERA as ө 
R1 R2 KR 


R1 is a first response; KR 


Figure 4 The timing of knowledge of results. 
iecond response 


is the knowledge of results resulting from R1; R2isas 


On the other hand, if the feedback from the first response is 
withheld until after the next response as in case (d) of Figure 4, the 
interpolated response may interfere so that learning will suffer. 
Lorge and Thorndike (1935) first showed this effect, using subjects 
Whose task was to throw balls over one shoulder at a target. Ina 
simple lever-pressing task Bilodeau (1956) showed that theamount 
of learning depended upon the number of intervening responses — 


the more intervention, the less appeared to be learned. 
Even so, we must be cautious in drawing conclusions. Again 


and again in considering the effects of knowledge of results it is 
easy to observe the effects on immediate performance or apparent 
learning, while forgetting that retaining the skill will depend upon 
the intrinsic cues when extra feedback is removed. Lavery and 
Suddon (1962) have recently shown the importance of tests of 
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retention with reference to our present problems, the effects of 
delay with interpolated responses. Comparing delays of nought 
and five responses, they showed that thirty training trials seemed 
to produce slower learning in the delayed group. However, after 
ninety trials the performance level was the same for both of the 
groups. What is more, removing knowledge of results left the 
delayed group more skilled than those trained with no delay. It 
may often be worth sacrificing speed of learning to ensure per- 
manence. 


Verbal or Non-verbal 


Verbal knowledge of results tends to have lasting effects. How- 
ever, it is difficult to find comparisons of verbal and non. 
forms of information in which the other conditions have been 
equivalent, and it is possible that its advantages appear because 
it is usually terminal and often delayed. 

For example, Karlin and Mortimer (1963) fed three kinds of 
artificial knowledge of results back to subjects carrying out a kind 


of tracking. In this task a target blip on an oscilloscope face 
moved backwards and forwards unless the operator corrected its 
position by turning a control kno! 


b, his aim being to keep the 
target stationary on an illuminated centre line. Verbal cues, or 
Scores, were more effective both in 


training and on a subsequent 
test than were visual or auditory cues. A control group which 
received no Supplementary cues performed worst. 


Unfortunately, the verbal feedback consisted of time-on-target 
Scores given after every trial and was thus terminal, while the 


auditory cue was the now familiar buzzer which sounded when- 
ever the subject was approxi 


tively concurrent. The visu 


-verbal 


-verbal knowledge 
ight be suspected in 
he oscilloscope was 
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Some of the work by Goldstein and Rittenhouse (1954) in the 
experiments on gunnery training discussed earlier introduces yet 
another factor. The verbal knowledge of the results which they 
compared with the buzzer treatment gave far more stable results. 
During training the level of scores for the groups with verbal 
feedback were lower, but did not fluctuate in the same way as 
those of the buzzer groups. After training, when all artificial 
feedback was removed the scores of the verbal group remained 
almost constant. However, it is important to notice that the 
Verbal feedback, in addition to being terminal, carried far more 
information than did the buzzer. After each trial subjects were 
told what proportion of time they had remained on target, per- 
formance at different parts of each aircraft attack were compared 
and the current score was compared with the previous record. 
This is widely different from the buzzer treatment, and far more 
elaborate, А 

Clearly опе of the advantages of the verbal method is the fact 
that it provides a convenient and flexible means for the trainer 
to convey a wide range of information to the subject. After any 
trial he may communicate a detailed analysis of responses and 
their effects, hints on form and stance, on what to look for in the 
task stimuli and information about standards of performance. In 
fact he may give a variety of types of information which shade 
into and out of knowledge of results. Also, basically factual feed- 
back may be phrased in normative Or emotive terms — ‘you're 
slipping; why not wait for the signal or have you got a train to 
catch? — with resulting effects on motivation. 

Of course, non-verbal methods may also be far more elaborate 
than appears in the buzzer example. Often the trainer will need 
detailed records of performance, which may be made available to 
the learner. Graphical methods for instance are often more efficient 
than verbal coaching when tricky movement sequences are to be 
taught. English (1942) showed that recruits may be taught to 
Squeeze the trigger of a rifle by comparing recordings of each 
Squeeze with those made by an expert. Quite clear and explicit 
verbal instructions were far less effective. Howell (1956) found 
Similar results, using the force-time graphs of a runner's front 
foot movement to teach efficient sprint starts. It is obvious then 
that the kind of knowledge of performance which is given must 
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depend upon analysis of the skill concerned, with insight into its 
points of difficulty. 

The information given, whether verbal or non-verbal, may 
take many forms. The error or mismatch between the result of an 
action and its target may be transformed in many ways. It may be 
magnified or distorted, or a constant may be added (Bilodeau and 
Bilodeau, 1961) and behaviour will usually be regulated accord- 
ingly, although the effects may be transient. Denny and others 
(1960) successfully used a verbal scale con 
units called * glubs?; such a scale has an internal consistency which 
averts the disruptive consequences of the nonsense syllables 
mentioned earlier. The fact that such information may be impre- 
Cise seems not to matter greatly. 

Precision, like delay, is a 
less important than one mi 


sisting of imaginary 


Precise artificial feed- 
again with the danger 
‚ as in an experiment 
в and Macrae (1964). 


» Where the subject has li 


8 seems to vary directly with the accuracy of 
the knowledge of results, 


Separate or Accumulated 


On the evidence so far available it is not easy to decide what is 
the best length of performa 


tion to the vastly condensed knowledge of 
degree examination after Several years of st 

The effects of more accumulated knowle 
lasting and appear to have incentive valu 
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Over too long a period the effect on performance is so slight that 
Из permanence has no attraction. A tracking study by Smode 
(1958) suggests that training with separated feedback is superior 
to accumulated verbal feedback, but the separated form contains 
both visual and auditory elements so the conclusion is not clear 
Cut. Separate or item-by-item correction is very effective in 
teaching machines [see ch. 8 of Plans and the Structure of 
Behavior] or in the learning of Morse code (Keller, 1943). 

There is no doubt too that accumulated knowledge of results 
can be extremely valuable, An elaborate experiment on accumu- 
lated verbal feedback was carried out by Alexander, Kepner and 
Tregoe (1962). This study attempted to modify the learning of 
groups rather than individuals, by giving information to air 
defence radar crews at ‘debriefing’ exercises held after training 
exercises. The job of each crew of thirteen men was to detect and 
follow the movement of any aircraft in their operational area, to 
Teport hostile aircraft to adjacent radar sites and to control tacti- 
cal action by interceptor pilots where necessary. n. 

During training a number of exercises were held, providing 
data on the efficiency with which each crew detected and kept 
Contact with the aircraft they were to track. This information was 
discussed at extensive debriefing meetings with some of the crews 
at the end of each exercise, the crews being encouraged to identify 
Problems arising in the exercise and to work out revisions of their 
Operational methods. After training, crews were tested on a 
“unique problem’ offering relatively stressful situations which 

ad not previously been encountered. The proportion of aircraft 
tracks during certain critical flights which were established and 
Maintained by the crews who had debriefing throughout training 
are compared in Figure 5 with the performance of two uniformed 
Control crews, Debriefing gave results twice as good as the control 
figures, 

Fortunately there is usually no reason why separate and accu- 
mulated results should not both be given. The combination of 
Separate, response-by-response information with periodic pro- 
gress reports or knowledge of score is unexceptionable. Know- 
ledge of progress is usually a kind of ‘second-order’ knowledge 
of results. That is to say it consists of relating the accumulated 
knowledge of results of many individual actions to some kind of 
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control 
Figure 5 Accumulated verbal knowledge of re 
‘tracks’ established and maintained Ь 
debriefing’. After Alexander, Kepner 


sults. The percentages of 
У radar crews with and without 
and Tregoe (1962) 


permanent learning, althoug 
performance as a result of 
Willingham (1958), who examined the records of 2500 flying 
trainees. After failures on a check flight, these students, 
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particularly the better ones, obtained lower training marks for 
1 or 2 days. However, little effect remained only 4 days later. 
The effects of failure are complex, and the relation of failure to 
learning is indirect. Nevertheless it does seem desirable on com- 
monsense grounds to make knowledge of progress as favourable 
às possible, an effect which can be arranged by manipulating the 
target set for the learner. One way of keeping failure to the mini- 
mum is to set him to better his own previous performance, rather 
than to reach an arbitrary standard. Like other training pro- 
cedures, such techniques should be evaluated in actual practice. 


Summary 


We have seen that active behaviour is constantly regulated by the 
feedback of information conveying knowledge of the results of his 
actions to the learner. Some kinds of feedback are intrinsic to the 
task to be performed, while the task may also be augmented by 
artificial feedback. Sometimes the task itself is artificial, in which 
Case no progress will be made unless the trainer provides standards 
against which performance may be seen to be right or wrong. It 
Will always pay the trainer to draw attention to the intrinsic cues 
and to the use which can be made of them, but the value of arti- 
ficial kinds of knowledge of results needs more examination. 


Terminal. Yt is important to distinguish between changes in im- 
mediate action and performance and changes which give rise a 
more permanent /earning, since quite dramatic manipulations $ 
action feedback may have only temporary effects. The termina 
knowledge of results coming after an action is more likely to 
assist in learning than is concurrent feedback, whose function is 
rather to regulate the actions during which it occurs- Giving con- 
Current feedback only intermittently is of possible assistance. 


Delayed. Lags in action feedback are disruptive, but learning is 
relatively unaffected by the delay of terminal knowledge of results, 
The time interval between feedback information and the next 
response is of some importance, but the major factor is the total 
interval between responses. Interpolating other responses between 
knowledge of results and the action from which it stemmed seems 
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inadvisable, although at least in simple tasks the effects may again 
be temporary. 


Verbal. Knowledge of score is likely to help the learner, although 
the design of experiments using verbal feedback has often been 
unsuited to direct comparisons with non-verbal equivalents. 
Verbal knowledge of results can convey a variety of types of 
information and persuasion. Points of technique which are 


obscure to the learner may be made clear by non-verbal methods. 


Accumulated. Separate knowledge of results gives the learner the 
information he needs for Step-by-step correction of his actions. 
Knowledge of Progress is gained by relating accumulated know- 
ledge of results to long-term goals, Particularly when linked to 
analysis and discussion, accumulated knowledge of results is 
likely to improve training. Changing the long-term goals of the 
learner will affect his experience of success and failure. 
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Guidance 


Excerpts from chapter 3 of D. H. Holding, Principles of Training, Pergamon, 
1965, pp. 38-53. 


Types of Guidance 


There are many methods for minimizin 
and experiments have been carried out in an attempt to see how 
effective these techniques are. ‘Guidance’ is the description tradi- 
tionally assigned to these methods. The term is not particularly 


explicit, and we must make some further distinctions before 
surveying the results, 


g errors in early learning 


Physical restriction. To prevent overt errors from appearing, 
can often ‘ block off incorrect movements, by making them physi- 
cally impossible. A harness for controlling a golfer's Swing makes 
use of this principle for instance. In this kind of guidance, the 
learner provides the power, while the direction or extent of the 
movement is externally controlled. Sometimes, physical restric- 
tion may take the form of providing support for part ofan activity, 
so that the remainder may be practised freely. The use of floats 


and belts in swimming practice is an example of this partial 
guidance, 


we 


Forced response. Another method, t 
pattern of movement by actively transporting the limb or the 
whole body of the subject; it appears, for instance, that the Bali- 
nese use this method in passing on the movements of their dance 
gestures and other ritual activities (Bateson and Mead, 1942). 
Dual control devices may take this form, although these are 
usually employed more for reasons of safety than of training. The 
forced-response learner does not actively initiate his responses 
but remains overtly passive. In the early experimental work, the 
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pun was usually given by hand, although nowadays a num- 
er of mechanical methods have been developed. 


Eu guidance. As we have seen, most skills are controlled in the 
ү у stages by external cues, predominantly visual cues. Often, 
а materials may be laid out in such a way as to show the 
“ais what to do at each point. The plan view of a maze, which 
Hot to be traced blindfold, may be laid out before the 

ner to give him preliminary visual guidance; he may either 
trace through using the plan or store the visual information for 
later use, taking no immediate action. 


tructions is another way 
t have to use trial-and- 
nted out, we may often 
*knowledge before' a 


Verbal guidance. The giving of verbal ins 
of making sure that the learner does no 
error methods. As Annett (1959) has poi 
regard guidance techniques as giving 
response, rather than ‘knowledge after’ in the form of feedback. 
Not all verbal methods can be considered guidance techniques, of 
Course, and the use of words in training raises а number of other 
issues which are best dealt with in a later chapter. L.J 


Adjustive Skills 
1 calls for continuous, adjustive move- 


ments is typified by the ‘tracking task’. Driving a car, turning a 
cube on the lathe or catching a ball, all require some kind of 
moment-to-moment adjustment of responses to a target. If the 
target is stationary and the operator’s responses are directed 
towards correcting deviations from the target, the task is compen- 


satory, If the target is changing and the operator is required to 
et, his task is one of pursuit 


locate and keep pace with the targ 

tracking, Steering a car on a steady course down a straight road 
requires compensatory tracking; steering it round a bend involves 
pursuit tracking. Other things being equal, pursuit tracking tends 


to be the easier (Poulton, 1952). No data are available on guidance 
in compensatory tracking. Such guidance would consist only of 
naesthetic information. This 


control movements, giving only ki 

Occurs because the indicators in а self-tracked compensatory task 

would remain stationary, so that no visual cues would be available. 
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An evaluation of forced-response guidance in pursuit tracking 
was attempted by Holding (1959). Two different target courses 
were used, generated by a cam which moved the pointer up and 
down a vertical scale. Under normal conditions the subject used 
a large control knob to follow the target movement with a second 
pointer. For guidance runs, the motion of the target course cam 
was geared directly to the control knob and the two pointers, so 
that subjects merely gripped the knob lightly while the apparatus 
tracked itself. Only short amounts of guidance were given, as the 
learning curve flattened out very quickly and it would have been 
difficult to evaluate large amounts. The effect of 2 min guided 
tracking was to reduce the error scores to the same level as normal 
practice produced in the same time. This learning was not specific 
to the target course for which guidance was given, because trans- 
ferring guided and unguided subjects to the other course resulted 
in equivalent amounts of saving. 

The next step was to split the guidance into separate com- 
ponents. Full guidance, of the kind described above, was com- 
pared with visual guidance and kinaesthetic guidance, The 
kinaesthetic training group were blindfolded while feeling the 
rotation of the control knob, and the visual group folded their 
arms while watching the pointers tracking in unison. The contri- 
bution to learning due to visual guidance was about 60 per cent of 
the error saved by full guidance, while kinaesthetic guidance 
seemed to account for only 20 per cent. Melcher's (1934) results 
on children's maze learning, while incomplete, seem to parallel 
these findings. Possibly these proportions would have differed, 
had guidance been given after some preliminary practice. 
Kinaesthetic maze guidance appeared better after some exposure 
to the task, in the experiment by Ludgate (1924); and in the track- 
ing case it may give information before the subject is ready to 
make use of it, while visual guidance permits the learner to see at 
the outset what is required. 

Guidance in turning a handwheel at a constant rate was 
compared with knowledge of results by Lincoln (1956). During 
learning, three methods were used. The handwheel might be 
turned by a motor at the standard speed of 100 r.p.m.; it might be 
turned at a rate corresponding to the error on the subject's pre- 
vious trial and the subject told whether this represented a negative 
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or a positive error; finally, the previous error might be given 
verbally. Although the verbal method appeared slightly better 
during training, when performance was measured later without 
any supplementary cues, the accuracy of the three groups was 
about the same. 

The other form of guidance — the restriction method — was 
tried out in two-handed tracking of a clover leaf pattern (Bilodeau 
and Bilodeau, 1958). Subjects could either track along a flush 
surface or along a recessed path which restricted their movements. 
Transferring from restrictive guidance to free tracking saved 
about one day’s practice, as did transferring from free movement 
to the guided version of the task. Clearly, restriction training has 
some value in continuous adjustive skills, although no direct 
comparison with forced-response methods is available. 


Graded Movements 


Further evidence on the results of physical manipulation of human 
responses comes from work on single adjustive movements. 
Holding and Macrae (1964) adapted the line-drawing experiment 
to permit the comparison of forced-response and physical restric- 
tion with two kinds of knowledge of results. Six groups of subjects 
were blindfolded and instructed to move a knob along a rod for 
a distance of exactly 4 in. After a set of twenty attempts, nine 
sets of training trials were given by different methods, followed 
by a test set of a further twenty trials. Learning was measured in 
terms of the difference in error score between the first and final 
test sets, 

Acontrol group received no guidance or feedback throughoutthe 
experiment. Another group received guidance in all the training 
trials, from a modified door-spring which towed the hand along, 
decelerating to a stop at 4 in in a manner resembling an ordinary 
human movement. The problem of accurate simulation in guided 
movements is probably important but has hardly received experi- 
mental attention. A third group received ‘distributed guidance’; 
that is to say, guidance was alternated with normal practice for 
successive sets of training trials. For the fourth group, restrictive 
guidance was provided by a stop screwed into the rod at the 4-in 
mark, The training method fora further group was ‘right-wrong” 
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knowledge of results, the last group receiving detailed knowledge 
of results in terms of the amount and direction of error. 

Figure 1 shows the results obtained. The two kinds of forced- 
response training had some effect, but restriction gave a greater 
gain, and was quite as effective as knowledge of results. The 
superiority of restriction was unexpected, although the activity 
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Figure 1 Comparing knowledge of results with different kinds of 
guidance. Each bar shows the amount learned during training. 'C' was a 
control group ; CG learners had forced response guidance throughout ; 
DG was forced response on alternate trials; RG was guidance by 


restriction; RW was right-wrong information. KR was full knowledge 
of results. After Holding and Macrae (1964) 


it allows to the subject may be beneficial, and hitting the stop 
may have some emphasis value which the forced deceleration 
lacked. Again, just as restrictive guidance materially altered the 
maze-learning task for the subject, so forced-response guidance 
alters the character of discrete movements. If anything, the 
learner is pulling against the door-spring, a movement opposed 
to the push required in the test trial. Thus, while the movements 
required in training and testing are identical for restriction, they 
are antagonistic in the forced-response case. Of course, this is 
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only true when the task is to push; їп а pulling, or releasing, task 
we might expect the advantage to be reversed. 

This last prediction has been tested with a further modification 
of the previous apparatus (Macrae and Holding, 1965). Figure 2 
shows the results of two groups repeating the restriction and 
guidance conditions of the first experiment, compared with the 


qains (in) 


"IN = EE = 


1 push 2 3 release 4 5 varied 6 
push 


conditions 


Figure 2 Restriction, forced-response and knowledge of alternatives, 
1 Forced response (push task). 2 Restriction (push task). 3 Forced 

response (release task). 4 Restriction (release task). 5 Varied forced 
response (push task). 6 Varied restriction (push task). Plain bars are 
forced response; hatched bars represent restriction 


results of these training methods on a releasing task. The new 
test conditions resembled the *deadman's hand’ mechanism of 
the tube train; the control knob was pulled along at a constant 
speed when gripped by the subject, and stopped when he released 
it at his estimate of 4 in. For this new task, forced-response train- 
ing appeared to be superior to restriction, as predicted, 

At the same time, a further idea was tested. Guided subjects, 
while prevented from learning errors, are usually deprived of the 
chance to build up a range of experience by making a wide selec- 
tion of responses. However, guidance is a flexible technique and 
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it is equally possible to give guided experience of a range of 
responses. Two further groups were therefore given guidance and 
restriction at 2, 3, 4, 5 and 6 in, before testing on the 4-in pushing 
task; these results also appear in Figure 2, Forced response 
appears to be improved, although the restriction group does not. 
It seems likely that this multiple restriction technique, together 
with simple restriction and knowledge of results in the previous 
experiment, have encountered a limit on learning. It is difficult to 
better the final error scores, and wider differences between 


experimental conditions might only appear with fewer training 
trials, 


Knowledge of Alternatives 


These multiple guidance techniques give the learner what might 
be called knowledge of alternatives, with the important proviso 
that the subject knows in advance which is the correct alternative. 
Tn two earlier experiments (Carr, 1921; von Wright, 1957) on 
visual guidance, described more fully in the next chapter [not 
included here], it emerged that showing the learner the full range 
of possibilities gave better results than merely showing him the 
correct path. These findings give us a clue towards assembling a 
great deal of what has gone before. 

We began by considering how far reducing errors might con- 
tribute to learning. However, if this is done in such a way as to 
reduce the information available to the learner the learning will 
suffer. Knowledge of the correct response is incomplete if there 
is no opportunity to define it against the alternatives, just as we 
cannot be said to understand ‘red’ if we have never identified 
other colours. On the other hand, Kaess and Zeaman’s (1960) 
experiment suggests that it is inefficient to present the learner 
with a number of possibilities without indicating which of them 
is correct. Giving both correct and incorrect alternatives while 
ensuring correct responses seems to be the best solution. 

In the two visual studies (Carr, 1921; von Wright, 1957), giving 
information about incorrect alternatives was an improvement. 
Similarly, Koch's animals learned well, having a view of the in- 
correct alley through a glass partition; her discrepant results with 
humans have already been considered. Naturally, knowledge of 
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alternatives may be acquired before guidance is given, with some 
benefit. For this reason, Ludgate’s (1924) results were better 
after some unguided trials had provided contrast. Again, purely 
kinaesthetic guidance (Holding, 1959; Melcher, 1934) was rela- 
tively poor if given at the outset, but not when interspersed with 
free activity (Lincoln, 1956). 

Of course, mere knowledge of the alternatives to the correct 
response need not encourage errors, as might appear at first sight. 
Kaess and Zeaman (1960), for instance, whose work on punch- 
board learning has been described, showed that merely reading 
wrong answers did not fixate them as errors. On the other hand, 
if the wrong answers were actually punched then later unlearning 
was needed. It is easy to see, therefore, that the methods of visual 
guidance lend themselves readily to the presentation of incorrect 
alternatives; but we might imagine that the danger of error learn- 
ing prohibits the giving of extra information by the physical 
methods of guidance. Forcing a subject to commit an ‘error’ 
might be undesirable. However, a subject guided into an alterna- 
tive response pattern has not made a mistake — he has merely 
practised a response slightly different from the one finally 
required. Thus, the apparent success of guiding a range of move- 
ments, including both correct and ‘incorrect’ items (Macrae 
and Holding, 1965; Waters, 1931), also falls into place. 

It is clear, too, why training by knowledge of results is often 
preferred. At the expense of some errors, knowledge of alterna- 
tives is acquired automatically, becoming more precise as the 
correct response is neared, by successive discrimination. However, 
it is possible to build knowledge of alternatives into guidance 
procedures and, as we have seen, these techniques may often 
considerably shorten the course of learning. 


Summary 


The fact that efficient performance depends upon knowledge of 
results does not imply that all learning must take place by trial- 
and-error. The methods of physical, visual and verbal guidance 
are all directed towards limiting the learning of errors which 
must later be eradicated. The present chapter reviews the evidence 
on the physical methods of restriction and forced response. 
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Forced response. In these methods the trainer takes complete 
charge of the response. Thus the exact form of the guided response 
is probably critical, although this has not received attention. In 
humans there is substantial learning of mazes and some benefit to 
discrete and continuous adjustive tasks. When the forced response 
is finally acquired, the restriction technique is more effective. 


Restriction. Here the learner initiates and controls the speed and 
force of the response under spatial guidance. Restriction is 
effective in maze learning and in adjustive tasks. No direct com- 
parisons with forced response are available except in discrete 
adjustive skills, where restriction compares favourably with know- 


ledge of results. Reversing the required movement favours 
forced response. 


Amount and position. Early conclusions recommending small 
amounts of guidance in the first stages of learning are not really 
borne out by the data, which show the issue to be rather complex. 
There is no doubt that for practical purposes guidance will often 
be used to teach the basic requirements, leaving final learning to 
the action of knowledge of results if only because the necessary 
refinements to guidance methods would be uneconomic. Some 
preliminary experience of unguided trials seems desirable. 


Alternatives. Training by guidance methods may restrict the in- 
formation offered to the learner by withholding knowledge of 
alternatives. When this difficulty is not overcome by prelim- 
inary experience or the design of the task explicit practice with 
alternatives may be given. A learner practising alternatives is not 
learning errors if he knows which is the correct response. 
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A Theory of the Acquisition of Speed-Skill 


E. R. F. W. Crossman, “A theory of the acquisition of speed-skill’, Ergono- 
mics, vol. 2, 1959, pp. 153-66. 


1. Introduction 


Training is an art which can be successfully practised with little 
or no scientific backing, but as in other fields, really reliable and 
reproducible results flow only from a sound basic theory. Since 
training serves to facilitate the natural process of acquiring skill 
by practice, the most important theoretical question is: how and 
why does a learner acquire skill in ordinary practice? 

This paper is concerned with manual speed-skills and dex- 
terities, a class of skills which is both common and important in 
industry today. Its aim is to put forward a theory of their acquisi- 
tion suggested to the writer by the results of some recent experi- 
mental work carried out by Seymour at Birmingham University 
and by de Jong at the Berenschot Bureau, Amsterdam. The 
theory stems essentially from the trial-and-error view of learning 
put forward by Thorndike more than 50 years ago (see Hilgard, 
1948, p. 409). Though this view has since been elaborated by 
many students of animal learning, and concepts of drive, reward, 
habit strength, etc., introduced, no serious attempt seems to have 
been made to build up a quantitative account of the acquisition 
of skill from it. The writer has taken up its basic premise that a 
learner faced by a new task tries out various methods, retains 
the more successful ones and rejects the less successful ones, and 
has constructed from it a formal theoretical model to explain the 
experimental findings. While the model is presented here in a 
skeleton form, it agrees quite satisfactorily with experiment, and 
interesting new questions are raised. 
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2. Skill and Learning 


Recent researches on manual skill have been largely concerned 
with the general features of skilled performance; the importance 
of perceptual and central organizing activities, the temporal 
interlacing of receptor and effector actions and the role of feed- 
back or knowledge-of-results have all been stressed. But when 
studying industrial operations the writer has been struck by the 
highly specific nature of most skills. The expert's ability seems to 
lie rather in knowing exactly the right method to use in each 
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Figure 1 Learning curves on log-log scales for two subjects each on 


five tasks (data of Blackburn, 1936) 
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situation that arises in the task, than in having superior co- 
ordination, acuity or timing. He can select the right source of 
signals to attend to, choose the right course of action, make 
precisely the right movements and check the results by the most 
reliable means. In other words, his behaviour is closely ‘adapted’ 
to the situation in the same sense in which animals are said to 
become adapted to their environment by natural selection; he 
possesses only ‘fit’ behaviour patterns. 

For manual speed-skills, the operator's degree of adaptation is 
measured principally by his speed of performance, once success 
can be taken for granted. It increases gradually and continu- 
ously over long periods of practice, as many experimental learn- 
ing curves have shown (Blackburn, 1936). De Jong (1957) has 
recently put forward a rational equation which fits the results of 
several industrial studies. He finds that cycle time plotted against 
cycle number on log-log paper shows a linear decrease followed 
by an asymptotic approach to an ‘incompressible’ cycle time; 
the relationship may be called‘ de Jong’s Law’. De Jong has not 
provided statistical support for his argument, and some data are 
given here both to remedy the omission and by way of example. 


E cigar making 
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Figure 2 Practice and speed in cigar making. Each point is the average 
cycle time over one week's production for one operator. The ordinate is 
the total production by the operator since beginning work 
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Practice and speed in five simple tasks 

Results given by Blackburn (1936) on card-sorting, cancelling *e's 
in nonsense French, adding digits, code substitution and maze 
learning have been re-analysed. Figure 1 (a to e) shows the learn- 
ing curves and Table 1 a statistical test of de Jong's Law. The law 
clearly describes the data for the first four tasks well, but the 


fifth is doubtful. 


Table 1 

A Statistical Test of de Jong's Law on Data given by 
Blackburn (1936) for Subjects Learning Five Simple 
Repetitive Tasks 


Regression Correlation Vari- Time for First trial 

coefficient coefficient ance ир 

b y ratio F predicted actual 
[9] (s) 


LU eee — 


Sorting forty-two 


Task Subject 


cards into 1 
individual 1 —095 1-40 149 11 
compartments 2 —09! 1-35 me | M 7 
Cancelling ‘e’s in 1 —094 467 б est: 
nonsense French 2 —0:76 pr 11:5 
Substituting code 
s —0:99 212 114 10 (est.) 
pner d = 2656 161 a, 
Addi ї —097 0-56 247 est. 
Aene ngisor о 004 2225 EAE 

i 1 —0: 19 22 > 
Даша а piaci 2 m Жү ES 


Notes: (1) Each subject performed thirty-five periods of about 180 s each, on suc- 
cessive days. | s 

(2) The logarithms (to base 10) of cycle-time have been come ei the mean 
logarithm of the number of cycles performed up to and daring Vm e yx 

(3) The significance of the departure from lincarity has been tested by Analysis of 
Variance, grouping the last five blocks of five readings together in order to estimate 
error. In each case the variance ratio F is based on 13 and 20) at A : 

(4) The times for the first trial are only known in two cases; in the others an estimate 
has been made. 


Long-period improvement in cigar making 

A study was made of the speeds of production of several girls in 
the same shop, operating special-purpose, cigar-making machines 
(Crossman, 1956, ch. 10). The job had a very short cycle, but 
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considerable variation was experienced in the raw materials, and 
there was high ‘perceptual load’. Figure 2 shows the weekly 
average cycle time for operators of various lengths of service. 
Only after two years and about three million cycles does the curve 
depart appreciably from a straight line. 
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Figure 3 The effect of practice on element and cycle times for the 
simulated capstan lathe operation (data of Seymour, 1954), The results 
of one subject are shown and each point represents one cycle of 
practice 


Improvement of the elements within a motion cycle 


Data provided by Seymour (1954) on learners operating a capstan 
lathe have been re-plotted and are shown in Figure 3. It is clear 
that the two elements obey de Jong’s Law as does the complete 
cycle. 

The steady decrease in cycle time shown by de Jong’s Law is 
accompanied by considerable variation from cycle to cycle. 
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Studies of cycles and element times have shown quite clearly 
that the average does not decrease by a proportionate change in 
all times but by a change in frequency distribution. Early in 
practice this is symmetrical; it becomes more and more skewed 
with practice, and finally J-shaped. Different elements show 
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Figure 4 The distribution of с 
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experienced worker at torch-switch as 
different initial distributions; very short ones (1 to 2s) tend to the 
rectangular or J-shaped, longer ones tend more and more to the 
Gaussian form. Figures 4 and 5 show typical results from an 


industrial assembly operation (15- to 20-s cycle) and a laboratory 
assembly task (2-s cycle). The scatter of element times does not 
appear to be due to varying levels of effort, and must presumably 
be attributed to variations of method. Unfortunately we have 


little direct evidence on the distribution of motion patterns (but 
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see de Montpellier, 1935, p. 251) and still less about that of per- 
ceptual activities. Lewis (1954) has, however, shown in car 
driving that more skilled performers behave more consistently 


from occasion to occasion. 


trial 
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Figure 5 The distribution of element times for a simple assembly 
Operation (the three-hole connector). The four elements — reach, 
grasp, move and position — are shown. Each histogram represents 100 
cycles for one subject and there was no interpolated practice (data of 


Seymour, 1954) 


3. A Theory of the Selective Process 


-L 
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element time (s) 


"These findings strongly suggest that practice exerts a selective 
effect on the operator's behaviour, favouring those patterns of 
action which are quickest at the expense of the others. In order to 
examine how this might work, a mathematical model of the 
selection process has been constructed, and will now be formally 


stated and discussed. 
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Let us consider an operator learning a repetitive task. For each 
trial or ‘cycle’ he will adopt some particular combination of 
sensory, perceptual and motor activities, partly from deliberate 
choice, partly from habit and partly by chance; these activities 
could, in principle at least, be completely described by an 
observer. In successive cycles he will use either the same or more 
or less different combinations. Let us call each such distinguish- 
able action pattern a * method" (M) and identify each by a sub- 
script (e.g. M). The operator can be imagined to possess a 
repertoire or stock of r different methods, from which he picks 
one by chance for each cycle. The methods will each have a 
different ‘habit strength’, availability or probability of use; let ' 


r. 
Mı occur with probability p, where Ур = 1. At the outset of 
i=1 


ll normally include some wholly un- 
et us imagine that these have been 
eliminated, and that the repertoire includes only successful ones. 
From this point on, practice produces a steady ‘decrease in the 
average cycle time. At any one cycle, say the nth, the average 
cycle time 7(n) is the time for all the methods, Mi, weighted 
according to their probabilities p: of occurring, i.e. 


practice the repertoire wi 
successful methods, but | 


T) = п хри) 


where /, = time taken by Method Mr. к j 

We assume that a selective effect takes place, increasing the 
availability of ‘fit’, i.e. quick methods, and reducing it for 
‘unfit’, i.e. slow ones. To be precise, the speed of any method 
which happens to be used is measured in relation to the current 
average, and its probability of occurrence then changes in pro- 
Portion to the result. Algebraically, let method M, whenever it 
occurs have its future probability of being chosen increased by 


бр where 
бр = к{п—Т()} 2 


stant). Since M, occurs on the 


(where К is a small positive com cur. 
average chance in its prob- 


average ріл) times per cycle, the 
ability on one cycle is 

pir) x Spi = — Кр) X {а—Т()) 3 
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and its probability for the next (л + 1)th cycle is, 


р(п--1) = p(n)+-dpi = р(п)[1—К{һ— T(n}. 4 


The average cycle-time for the next ог (п + 1)th cycle can now be 
calculated 


T(n4-1) > pi(n-- 1) x t; = T(n) — k(variance of the й). 5 
ici 


(It is a convenient property of expression 4 that the sum of the 
pin+1) remains unity, hence no ‘normalizing factor’ is 
needed.) 

Ideally the next step would be to express T(r) as an explicit 
function of л, and plot the resulting learning curve; this can be 
done but the expression is complicated and involves high order 
moments of the initial distribution of е г. Instead, a learning 
curve has been computed numerically for an imaginary task 
where the learner starts with ten equiprobable methods, whose 
times are the integers 1 to 10, and practises with a selective con- 
stant k = 0-1. The distributions for the first twenty cycles are 
given in Table 2 and plotted in Figures 6, 7 and 8. 


Table 2 


The Learning Performance of the Theoretical System 


Time taken Probability of method 
by method Cycle 
(units) 1 2 3 S. 8 11 15 20 


01 0145 0-198 0:315 0-476 0-607 0:733 0:839 
2 0-135 0-171 0-230 0:264 0-253 0-205 0:140 
Y 0:125 0-146 0-164 0-140 0-097 0-050 0:020 
7 0-115 0-123 0-114 0:069 0-030 0-101 0:002 
m 0:105 0-102 0-075 0-031 0:010 0:002 — 
3s 0:095 0-082 0:047 0-013 0:003 — == 
T 0-085 0:065 0-028 0:005 — = -—— 
5 0:075 0-050 0-016 0-002 — cm = 
» 0-065 0-037 0-008 — = = a 
10 01 0:055 0-026 0.000 — = ies = 


average time 55 468 3:92 280 1:98 1:59 1:39 1:19 
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distributions derived from equation 5 with 
i= 1) = 1 to 10 units 
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Figure 6 The distributions of cycle times 
ion 5) for an imaginary task 


Predicted by the theoretical model (equat 
With ten methods in the operators" repertoire 


By comparing Figure 1 with 7, and 5 with 6, the reader will 
see that the model does fit the experimental findings. There is 
only one clear discrepancy: the first few cycles of practice should 
be faster than de Jong's law suggests, and on this point there are 
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Figure 7 The learning curve given by the theoretical model, plotted (a) 
on linear and (b) on double logarithmic coordinates 


indications (see e.g. Figure 1) that the model gives a rather 
better fit to the experimental data than de Jong’s formula. The 
theory could be tested more rigorously by applying it to the 
actual starting distribution for an element or cycle and testing 
the agreement between the predicted and actual learning curves. 

The curve of Figure 8 shows that some individual methods may 
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increase in strength at first, and only later decline towards zero; 
this recalls what does not seem to have been shown experiment- 
ally but can easily be seen in industrial practice, that certain 
methods may be learned at first, only to be discarded again as 
the average speed increases. 


o 
1 


‘strength’ of each method p(Mj) 
o 
a 


trial 


n=10 
k=01 


Figure 8 The change of availability of methods as practice proceeds 
according to the theoretical model equation 5 


ch arise in the real situation have 


Several complications whi 
m will be briefly indicated: 


been ignored, and a few of the 
ly one repertoire is being sub- 
k there will be one for each 
k that arises. Thus in reality 
ocesses must be going on 


1. It has been assumed that on 
jected to selection. In a real tas 
different work situation or subtas| 
several largely independent selection pr 
at once. 

2. Selection may act on elements rather than on the complete 
cycle. In order to find the distribution of cycle times, one must 
then combine those of the element times by convolution. The 
combined distribution may be quite unlike the separate ones 
(Figure 9), and tends to be more and more Gaussian as the 
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Figure 9 The frequency distributions of times for the two elements 
combined by convolution to give the distribution of cycle times 


number combined increases (by the central limit theorem). The 
element times for a long cycle must be highly skewed before the 
cycle time is appreciably so. 


3. The time for any one method may not be constant, but 
affected by chance variations in the work. This complicates but 
does not essentially change the picture. 
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4. The operator's repertoire may gain or lose methods during 
practice, by deliberate or chance invention, by instruction, or by 
forgetting. The rate of learning is then affected in proportion as 
the variance of method times is changed (equation 5), some- 
times abruptly so. 


5. The availability of methods may change for reasons other 
than selection. For instance, fatigue may be expected to reduce 
availability for any method which is used. The selection process 
would then be progressively distorted as any one practice period 
proceeds. 

Despite the complications, certain conclusions follow from the 
theory. First, the rate of learning for a subtask will depend on the 
size of the learner's repertoire for it; on the variance within it, 
which in turn depends on the amount of previous selection; and 
on the selection pressure. Secondly, the over-all learning period 
will increase steeply with the number of subtasks to be learned 
and with the initial variance of the repertoire for each; tasks 
whose subtasks are independent of each other will be more 
rapidly learned than those in which they interact. Third, transfer 
of skill from one task to another will take place where methods 
appropriate to one are almost appropriate to the other, but the 
amount of transfer will depend on the selectivity that has been 
established rather than on the mere coincidence of methods. 

The particular model given is only one out of a class of such 
models. The principle of selective processes in general can per- 
haps best be set out in a diagram (Figure 10). The learner pos- 
sesses a ‘pool of methods’, each with a certain strength, but no 
means of choosing particular ones; they differ in various respects, 
producing a variance in any given characteristic. The pool may 
have its variance increased or diminished as practice proceeds. 
The most important cause of reduction is selection in favour of 
methods more closely adapted to the work-situation. A parallel 
to this process is to be found in the genetical theory of natural 
selection (Fisher, 1930); here the genetic variance of a population 
is increased by mutation and reduced by natural selection. 
Unfortunately Fisher's mathematical treatment deals with two- 
factor (Mendelian) inheritance, and cannot be applied directly 


to this multifactor problem. 
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Figure 10 A diagrammatic representation of the selective processes in 
the acquisition of skill 


4. The Selective Mechanism 


Although selection of methods for their relative speed has been 
postulated to account for the acquisition of speed-skill, it is not 
at all easy to see how the psychological and neural mechanisms 
could produce this result. At each trial the operator would have 
in some way to retain data about what method had been used, 
measure the time it took and then alter its ‘strength’ in pro- 
portion. But judgement of short time intervals is very inaccurate 
and externally given knowledge-of-results, such as the time taken 
for so many pieces, is not detailed enough to be effective. Instead 
of time the selective variable might well be work for if the operator 
exerts a constant level of effort, the work done to complete a 
cycle by any particular method would be proportional to its 
duration. If this were so, one would regard the gradual speed-up 
with practice as being secondary to the operator’s pursuit of the 
minimum (physiological) ‘cost’ to himself, and the acquisition 
of speed-skill could be seen as an instance of the more general 
biological principle of ‘least effort’ (see Zipf, 1949). Unfor- 
tunately there is even less indication that a mechanism exists for 
measuring physiological cost than one for measuring time. 

A plausible case might be made for a mechanism based on the 
time-course of the decay of short-term memory. The method 
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used for any given trial must necessarily be remembered to some 
extent, if any selective reinforcement is to take place at all, and it 
is obviously not permanently and perfectly remembered. If, as: 
other experiments suggest, the memory of what has been done 
decays in a regular way with time, this might provide the neces- 
sary time scale for the selective process. If the memory could 
be in some way ‘fixed’ by the successful completion of the ele- 
ment or cycle, then the sooner this happened, the more memory 
would remain to be fixed and the more chance there would be 
that the precise method would be recalled and repeated. Since 
most motion elements seem to require a perceptual completion 
signal of some kind, its arrival could cause the memory to be 


fixed. 


5. Implications for Training 


If the acquisition of speed-skill depends primarily on a selective 
process, it follows that training should aim at deliberately 
strengthening the selection pressure, while taking steps to ensure 
that the best *methods' are in the learner's repertoire to be 
selected. The trainer must first know what is to be selected, i.e. 
what methods (both perceptual and motor) give fast perform- 
ance; secondly, he must ensure that the learner can do them; and 
thirdly he must set up conditions in which they are consistently 
more successful than all others. 

Verbal or visual instruction and demonstration are of use for 
putting the best methods into the repertoire, but for selection 
systematic practice under pressure for speed is probably the only 
effective way. Breaking down the task into elements increases 
selective efficiency, but the trainer must ensure that by so doing 
he does not find wrong methods being selected, that is ones that 
are optimum in the isolated element but not in the complete 


task. These elements which have most variation of method need 


most selection and should be isolated; they are usually the ones 
which are highly specific to the particular job and so have not 
been selected by previous practice. Training for transfer, except 


where there are many identical elements, should presumably be 


aimed at giving the learner a good power of selection. 
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6. Further Research 


Studies of the distribution of methods rather than of times 
should show more clearly what is happening, and just how cer- 
tain methods are selected; and tasks might be set up in which 
different sorts of selective pressure could be applied. Further 
mathematical analysis is also needed to make possible a proper 
comparison between theory and experiment. 
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Part Seven The Breakdown of Skill 


Once thoroughly learned, skills are very resistant to disuse, 
though there is some deterioration after a long period without 
practice. The conditions which do cause the performance of a 
skill to deteriorate are studied to discover the range of conditions 
under which the skill can be performed, the way in which 
breakdown occurs and to examine the nature of the mechanisms 
underlying the skill which may be revealed in its impairment. 

In his Ferrier Lecture in 1943, Bartlett (Reading 22) 
describes some of the main findings from the Cambridge 
cockpit experiments which were conducted to examine the 
consequences of prolonged performance of a complex skill — 
controlling a flight simulator. This research not only showed 
the ways in which performance changes with fatigue but it also 
pointed to the fundamental nature of skill and provided a 
basis for the ideas advanced by Craik (Reading 10) and 
Poulton (Reading 7). Bartlett stresses the very marked change 
in the temporal co-ordination of responses. He reports a 
splintering of stimulus and response patterns combined with 
increased tolerance of errors. 

Broadbent (Reading 23) reviews à number of experiments 
conducted on the effects of heat, noise and lack of sleep. All 
these variables impair skill but by examining more than one 
variable at a time it has proved possible to show that they act 
in different ways. Both too high and too low a level of arousal 
impairs skill. Loss of sleep appears to result in too low a level 
of arousal while noise produces too high a level. 
Environmental temperature appears to act in a different way 
since its effects do not interact with the other forms of 


environmental stress. 
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Drugs may also cause performance to deteriorate. This is 
particularly true of drugs which depress central nervous 
system activity. Drew, Colquhoun and Long (Reading 24) 
studied the effects of small doses of alcohol on a skill 
resembling driving. Impairment was found to follow absorption 
of alcohol into the blood stream such that the larger the blood- 
alcohol level, the larger the effect. There was no sign of a 
threshold level which had to be exceeded before impairment 
was manifested. 

Skilled performance also declines with advancing age. 
Welford (Reading 25) reviews some of the experimental results 
showing how older subjects tend to be slower in making 
decisions and to take longer to interpret visually presented 
information. The older subject has less spare capacity to deal 
with new problems and his deteriorating short-term memory 
may also limit his performance. Welford indicates some of the 
industrial significance of these changes with age. 
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Fatigue Following Highly Skilled Work 


Excerpt from F. C. Bartlett, ‘Fatigue following highly skilled work’, Pro- 
ceedings of the Royal Society, B, vol. 131, 1943, pp. 248-57. (Ferrier 
Lecture.) 


When people began to try to apply experiment to the study of 
tiredness produced by the exercise of skill, they seem to have lost 
forthwith all their capacity for realistic imagination. They 
thought, and have continued to think, almost solely in terms of 
exactly repeated activity. Thus Kraepelin — who did far more 
harm than good, I think, in this field — introduced his method of 
the reckoning test: a person must add, or subtract, or multiply, 
or divide simple digits for hours on end. Others have embroidered 
on the same theme. They have exposed colours, or words, or 
easy drawings in long series, asking all the time for recognition, 
or naming, or both. They have required letters, or letter com- 
binations, words or word combinations, to be written, or per- 
haps to be cancelled, over and over again. They have set their 
victims to copy line diagrams, or designs, so often that one would 
think that all but the most faithful must have been reduced to 
profanity or to tears, at least through boredom if not through 
fatigue. Through it all runs one great, unverified guess: fatigue 
must consist of diminished efficiency of specific performance due 
to the repetition of that performance. 

Suppose, instead of rather blindly taking over methods which 
were just and correct when applied to the case of simple muscular 
fatigue, that people had honestly asked themselves what looks to 
be the character of the skills involved when we say we get tired in 
the pursuit of complex activities in daily life, in industry, or in 
the practice of specialized skill in the fighting services. They 
would have got a picture wholly different from that of repeated 
movements set up in response to recurrent and unvarying 
stimuli, They would have found co-ordinated actions the con- 
stituents of which can, and frequently do, change places. They 
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would have found a type of behaviour in which it has become of 
enormous importance to time the constituents correctly, so that 
each can flow readily into its neighbour. They would have found 
interruptions and rests no more uniform than actions. They 
would have seen stimuli to such co-ordinated action which are 
not a repetitive succession but a field, a pattern, an organized 
group of signals capable of changing their internal arrangement 
without loss of their identity as an organized group. 

This is the situation which must be brought within full experi- 
mental control if the tiredness, or fatigue, or strain following 
highly skilled work is to be understood. 

‘It has proved possible to do this, but for various reasons I 
cannot now so describe the setting designed to investigate these 
fatigue effects that it may be exactly identified, for it had a very 
strong and realistic interest, bearing on current affairs. 

The subjects of the experiment sat comfortably, surrounded by 
instrumental controls and faced by a panel containing all the 
main signals for action. These signals were in three chief groups: 
in the middle a group important throughout the whole period of 
the test; to one side a group important only at certain stages, 
especially at the beginning and the end; to the other side a group 
intermittently important indicating occurrences calling for 
prompt, but only occasional, action. Above and below were 
stimuli which could be brought in at the experimenter's will, each. 
calling for a specific response, but still less closely bound up with 
the central task. 

To all of these signals the operator must respond by co- 
ordinated movements of hands, feet, eyes and understanding. 
Moreover, with the exception of the very occasional stimuli, the 
significance of no signal was: detached or isolated from that of 
any other. All the main stimuli were of the common form, for 
instrumental maintenance or control, of pointers moving across 
dial faces at different speeds and in different directions. Some of 
the subordinate stimuli were lights of varied colour. Each stimu- 
lus had a determinate relation to every other, so that both how 
and when any happened were by no means matters of chance. 
Also the response required itself helped to determine the next 
following pattern of stimuli, just as it usually does in real life. 
Consequently the skilled operator did not need to examine the 
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signals one by one, in a regular order, but could take his cues 
from the whole pattern, with certain constituents always playing 
the dominant parts, again as happens in the skill of daily life. 
Since all stimuli and all reactions were moving in determinate 
relationships, the whole instrument was after the style of a rather 
complex calculating machine, and it became possible to record 
accurately the amount, direction and, most important of all ~ as it 
turned out - the timing of the essential elements in the operator's 
skill. 

There is one thing more. At the beginning of the experiment 
this was what Ferrier would certainly, and correctly, have called 
an unverified guess. If one looks fairly at the tiredness which 
follows skill it is hard to resist the view that abstentions are as 
important as performances. When work begins, and the central 
nervous system is alert, keen and high in vigilance, its inhibitory 
activities are in perfect trim. Additional, irrelevant, unwanted 
and distracting stimuli are not within the effective field at all. 
But as work continues and fatigue grows, the inhibitions perhaps 
relax, until the skill-tired man is doing, not less work, but more, 
much more. 

The instrumental setting was so designed that when the 
operator used his hands and feet to manipulate levers and 
Switches, his eyes to follow moving pointers and flashing lights, 
he could — and in fact he did — interpret the result, not in terms of 
revolving wheels, engaging cogs, shifting currents, vibrating 
rods and pistons, but, just as any man does when he drives a 
motor car, in terms of the whole machine. The machine, though in 
fact stationary all the time, seemed as if it could move, change 
direction, vibrate, and no single skilled operator of the men who 
have attempted the task has failed to experience the effect of his 
Skill as a total, combined performance of the machine. 

When a man moves with a machine there are inevitably set up 
a mass of proprioceptive impulses coming from changes of stress 
and tension at various points of the body surface, from underlying 
tissues and from other bodily sources. These are not original 
conditions of the acquisition of the skill concerned, but they are 
inevitable additional stimuli occurring while the skill is being 
acquired and when it has been mastered. Sometimes they have 
the character of distractions, and it may be that the fresh and the 
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tired nervous system react differently towards them. They con- 
form to the principle which ought to be observed in all experi- 
mental study of additional or distracting stimuli: they are an 
integral part of the situation itself, and not merely disconnected 
signals put in at the whim of an experimenter. The neglect of this 
principle has led to much unfortunate misunderstanding about 
the functions and manner of operation of distractions. In the 
experiment as designed it was not difficult to introduce the 
required proprioceptive impulses at the appropriate points. The 
guess was that they might act differently as strain, or fatigue, 
increased. 

Such was the experimental setting. There was little or nothing 
sheerly repetitive in the stimuli or the behaviour, and nothing at 
all demanding strong physical effort. The task was one requiring 
skill and, as it proved, of absorbing interest. That the experi- 
ment was possible at all was due mainly to the brilliant mech- 
anical inventiveness of Dr K. J. W. Craik, and that noteworthy 
results were achieved was due to the patience and high experi- 
mental competence of Mr G. C. Drew, both of these being 
members of the Psychological Department of the University of 
Cambridge. 

I turn now to a description of the main results. The picture 
which emerges may, I think, fairly be said to be the first reason- 
ably complete representation that has been drawn of the fatigue 
following highly skilled work. All the phenomena to be described 
were obtained from a large group of operators. They are statistic- 
ally reliable to a high degree. There is less than one chance in a 
hundred that they represent mere accidental occurrences. 

We may, perhaps, see the beginning of skill when nervous 
mechanisms acquire the character of ‘graded’ response, adjusting 
the amount of their action to the variable intensity of the 
stimulus. As skill develops into concerted action, where all 
subordinate constituents are organized around a few outstanding 
ones, a new kind of ‘grading’ appears. Effective stimuli now 
acquire an ‘indifference range’ within which stimulus changes, 
though they may be appreciated, do not call for compensating 
activity. Variations outside that range at once set central control 
awake and compensating reactions appear. In the experimental 
setting two of the instruments were generally central, or domi- 
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nant. One recorded the extent of deviation of the machine from 
any given course and the other the speed of movement in any 
direction. At the beginning the operator, watching the pointer 
which showed extent of deviation, allowed it to move two or three 
degrees on either side of the vertical and then began at once to 
make the necessary control reactions. A little later he was letting 
it move five degrees in either way, then ten degrees and finally it 
could swing from side to side over a wide range before any- 
thing was done. Exactly the same happened in the case of the 
speed indicator, and in fact with every other important recording 
device in the total group of stimuli, I think that everybody who 
drives a motor car will be able to observe just this same type of 
widening indifference range of stimuli as he becomes more and 
more tired. 

One way of putting this is to say that skill fatigue is marked bya 
progressive lowering of standards of performance. But if this is so 
the standard is certainly not normally formulated, not one of 
which the operator need be aware. It is a truly physiological 
function of the central nervous system. It means that at any 
moment in the continuous exercise of skill every leading stimulus 
has a range of variation within which the central nervous system 
exercises no direct and overt control over the local responding 
mechanisms, and that this range has no fixed limits, -but in- 
creases progressively as work continues. A large majority of the 
experimental operators finished their task satisfied that they had 
improved steadily all the time, though in fact the increase in 
large errors over small ones, in the case of deviation from a 
wanted course was 400 per cent as between the first and last 
periods of a two-hour experimental run, and 92 per cent in the 
case of speed control. Actually, in relation to their unformulated 
standards, they were doing as well at the end of their task as at 
the beginning, and perhaps even better. 

Now suppose that one element of the response, the simple 
control, for example, of direction or speed, were taken out of its 
skill setting and required merely as an element at any stage of the 
experiment from beginning to end. It showed no deterioration. 
The absolute efficiency for the element remained unaffected. It is 
therefore no wonder that an experimental method which has 
taken elements out of skill has produced results which are 


301 


The Breakdown of Skill 


strikingly at variance with everyday observation. It is not the 
local response that has lost its accuracy or its power. It is the 
central control which has functionally, but without knowledge, 
expanded the limits of its indifference range. 

We can go farther than this with our analysis of the large errors 
which bunch up as fatigue increases. It will be recalled that the 
operator was faced with a group of changing signals from which 
he must select the most significant ones and time his response to 
these correctly. An instrument may, for example, record an un- 
wanted change of direction. Then the operator may use a control 
which accelerates that very change, and if he does he has per- 
formed the wrong action at the right time. Or he may make 
delayed use of a control which neutralizes this unwanted change. 
Or yet again he may manipulate a control which itself produces a 
consequential change of direction, and then bring in the counter- 
acting control too soon. That is, he can do the right actions at the 
wrong time, either too late or too soon. 

The over-all results of the experiment showed a non-significant 
increase in wrong actions done at the right time, but a highly 
significant increase in right actions done at the wrong time. And 
this same type of deterioration was shown in another way as 
well. The whole task has to be performed to a time schedule and 
to help the operator to keep to this he had a clock in his instru- 
ment panel and a stop-watch at his side. As the task proceeded 
the clock and the watch faded out and might almost as well not 
have been there at all. Of the result the operators were, appar- 
ently, faintly aware, for most of them said that their timing might 
have become a little erratic at the end. In fact the time estimates 
made by them could be as much as 200 per cent wrong. 

So much for some of the facts concerning the deterioration of 
the skill response. Now let us see what happened as regards the 
organization of the group of stimuli. It has already been said that 
all the instruments on the panel were related in a determinate 
manner. When an operator was fresh a glance at the dominant 
signals meant an interpretation of the whole panel, and a move- 
ment of a controlling lever meant something that the machine 
was doing, or would very soon begin to do. As the task continued 
the panel split up, so that it became twenty or so separate record- 
ing instruments. And the controlling movements split up also, SO 
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that when any one was made it was not pictured in a pattern of 
machine control, but only as the correction of a particular 
instrument reading. 

When this stage was reached it appeared as if central nervous 
control tended to slacken either momentarily or finally. The 
operator's temperament surged up and took charge of his 
behaviour. For the reaction to one instrument only, when 
reaction to many was called for, generally set a lot of the others 
beyond their limits of indifference range. Either there was a 
moment of flurry and then central control reasserted itself, or 
there was panic and the operator, dashing from one control to 
another, pulled his machine to disaster. 

The splitting of the stimulus field and the corresponding pro- 
gressive dissociation of actions did not occur in a haphazard 
manner. The field contained a central sector important all the 
time, side sectors important at specific intervals and other signals 
calling for action at irregular and occasional moments. With 
some individual differences of detail, the splitting up proceeded 
regularly from margin to centre. The merely occasional stimuli 
were the first to break away from the rest. There was a phase 
during which they were met by delayed, and often hurried, 
response. At length they were very frequently indeed ignored, to 
use psychological language they were *forgotten', and there was 
a definite and, as it might be called, *stupid' lapse of action. 
The machine control was, for example, constructed as if it were 
maintained by an internal combustion engine. À device indicated 
the amount of petrol available at any time during a trial and 
replenishment was required irregularly. At first the petrol gauge 
was never neglected. As time went on it became common for 
the operator to put off replenishment and eventually to snatch 
hurriedly at the control lever. With increasing fatigue, over and 
over again, the petrol signal was ignored until the machine 
stopped and the experiment reached a temporary inglorious 
end. 

I must make a brief comment on the initial guess about addi- 
tional, or distracting cues. When the proprioceptive impulses 
which would normally be set up by movement of the machine 
were given to the alert operator, in by far the greater number of 
cases (75 per cent) they were at once interpreted in terms of the 
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machine. There was first a deterioration in most aspects of the 
performance: but this was temporary only. Before long the im- 
pulses fell into place as additional and helpful stimuli, and the 
performance improved significantly. If, however, they were given 
to the tired operator, most of these (70 per cent) treated them as 
unwanted and disagreeable stimuli of bodily origin. There was 
now a temporary improvement, followed, more quickly as the 
operator was more tired, by marked deterioration. They were, 
in fact, not now additional cues for action, but merely signs of 
growing weariness. Their first effect was to rouse the operator 
to greater effort, but this could not be maintained, and then they 
became only an obsessive awareness of bodily discomfort, and 
impeded the performance. 

It has been shown that the normal course of the experiment 
demonstrated a regular and progressive tendency on the part of 
the subject to lower his standard. This could be checked at any 
stage by introducing new instructions of a difficult type, the result 
of which was that while the operator was in fact doing just the 
same as before, it appeared to him that the whole task was made 
harder, When the alert subject had these instructions, he quickly 
improved and the improvement was maintained for a long time. 
If the tired operator were set the apparently more difficult task, 
he too improved, but only temporarily. Soon he slipped back to a 
lower level than before. In other words he could, within the limits 
of fatigue set by the experiment, still carry out the local actions of 
control as well as or better than ever; but he could not maintain 
the organized, co-ordinated and timed responses for more than a 
Short period. 

Side by side with all these changes, recorded quantitatively 
and objectively, went some striking subjective phenomena. Three 
of these are of primary importance. 

First the operator's reports of what actually happened during 
the experiment became less and less reliable as his fatigue 
increased. His falsifications were of all kinds. Events which 
actually happened failed to be observed. Changes that never 
happened at all — loud noises, uncontrollable variations of the 
instruments — were reported. Levers and switches were said to 
have become ‘sticky’, or ‘heavy’, or ‘sloppy’, or ‘ineffective’, 
though there was no change from beginning to end of the experi- 
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ment. When the operator realized that he was making mistakes, 
he regularly maintained his belief that he himself was doing just 
as well as ever by blaming the experimenter or the machine. 

Secondly, as already indicated, awareness of physical discom- 
fort increased enormously. Appliances worn by the operator 
were charged with being very heavy, or uncomfortably tight. 
The temperature was said to be too hot or too cold. Postural 
discomfort came into the front of the picture, and again and 
again bodily cramp was reported. All the proprioceptive signs 
became more pressing and at the same time their interpretation 
became less accurate. 

Thirdly, this experiment demonstrated conclusively that the 
everyday observation which associates growing irritability with 
increasing fatigue of the central nervous system is correct, and 
that all those masses of experiments which, concentrating upon 
some simple, repeated mental! task, have failed to reveal this are 
wrong. When the operator began, absorbed in his task, he was 
usually silent. As he went on, sighs and shufflings emerged from 
the machine. Then mild expletives took the place of sighs. By 
the end of the experiment, which lasted for two hours or more, 
most operators kept up a flow of the most violent language they 
knew. And all the time their handling of the controls became 
more and more rough, so that they were doing more work, and 
not less, as the task went on. It was at this stage that the tendency 
to project all errors on to the experimenter or the machine 
reached its height. 

Here, then, in broad outline, is the picture of fatigue following 
highly skilled work. It was necessary to draw this picture before 
anything certain or convincing can be said about the fatigue 
Specific to prolonged exposure to loud noise or to vibration, to 
extremes of temperature, to lack of oxygen, to drugs or to the 
many other special circumstances which are reasonably suspected 
to make the skilled man tired. 

I must now try to bring together all these points and see what 
they tell us about how the central nervous system reacts to a 
complex environment when a man is growing weary. Central 
nervous fatigue cannot be evaluated in terms of a lessening of 
total effort, or, except in extreme stages perhaps, by any deter- 
mination of the efficiency of the local reaction mechanisms. Its 
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signs are indirect ones and are concerned with how the task is 
done, not with how much of it is done. As everybody knows, it is 
possible to take any mode of sensorial reaction — visual, auditory, 
tactual, thermal, proprioceptive — and find out the minimal 
value of effective stimulus necessary to evoke it and its changes. 
These are the sensory thresholds. As the senses and their modes of 
operation combine, under the guidance of central control, a 
new threshold emerges, a threshold of range or of limits, depend- 
ing not upon the sensitivity of the special organs, but upon the 
place of the response in the task which is the combined expres- 
sion of them all. This threshold of range appears as a standard, 
developed by the brain and used by it at every moment of every 
skilled performance. Yet it need not be formulated and the 
operator may remain as unaware of it as are the eye or the ear of 
their thresholds. When the operator tires, his standard drops, 
or, in other words, the threshold of effective range widens 
and becomes, in fact, the best of all single measures of his 
fatigue. 

We can, perhaps, now begin to see how it is that timing is of 
tremendous importance as a sign of fatigue of this type. Time is 
not of great significance in relation to the single reaction. It is 
true that this has its history; it begins, rises to its maximum and 
fades away. But time does not matter much unless the single 
reaction must be followed by another and the two together have 
to achieve a practical fit. As tasks become more important than 
single actions, and central control dominates local performance, 
the temporal relations of activities acquire a practical importance 
equal to that of the facility of the constituent responses them- 
selves. Time is a discovery, running side by side with that of the 
co-ordination of actions and achieved by the same central 
control. If the threshold of effective range for any leading con- 
Stituent of skill is raised, other constituents will be pushed 
further off from it in the order of successive performance and then 
these other constituents will perhaps be hurried or forgotten or 
the whole performance will take longer. So it is the timing that 
goes wrong more easily than the efficiency of the local reactions. 
The rhythm of sequence of the activity is lost or broken, 
and performance becomes irregular, a story of spurts and 
delays. 
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All skill exhibits a number of constituent reactions which fit 
together. Some skills, when they are unrolled, are normally 
regarded as complete in themselves, forming, so to speak, a 
single unit of performance. Others involve critical points that are 
something like changes of direction in a journey and then the 
changes that occur in the skill at these critical points come to be 
treated as the finish of one unit in the complete accomplishment 
or the beginning of another. Now the standard, involving the 
threshold of range, operates in every unit of skill; but the 
combination of several units into a total accomplishment repre- 
sents a still more advanced achievement. 

When, many years ago, Hughlings Jackson introduced the 
notion of ‘levels’ of function of the central nervous system, he 
pointed out that certain very high levels seemed to require a 
process which he called ‘formulation’. It appears to be fair to 
hold that the successful maintenance of a fluent spacing of units of 
skill in a complex accomplishment is at this high level, so that 
what is an unwitting tribute to time in the unit becomes a con- 
scious and controlling schedule of time in the combination of 
units. When anybody is solely concerned with the single skill, 
however complex it may be, without regard to what precedes or 
follows it, time means nothing to him, however much it may 
signify to anybody who may be watching his behaviour. But he 
can fit one unit to another in fully adaptive performance only by 
the aid of a formulated time schedule. This is a late achievement 
of the brain and very unstable. When a man gets tired the skill 
units dissociate, the time schedule, if, as in the experiment, one is 
provided, slips back into the time standard and if, during its 
progress or when the unit is finished, he is required to estimate its 
length in a formulated time order, he goes wildly wrong. 

It is very tempting to believe that the fitting of units of skill into 
combined action first becomes urgent in connexion with con- 
certed behaviour, where what one man does in a complex skilled 
production must harmonize with what another does. Then, while 
the time standard is an individual phenomenon, the time schedule 
is a social discovery, as many have held to be the case. But of this 
there is, of course, no proof. 

The splitting of the stimulus field, and the order of its disinte- 
gration, are merely the environmental sides of all this. It is a 
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character of all skill stimuli to be patterned, with certain central 
features dominant. The threshold range, rising for the central 
signals, gives less time for all the others, and those in the extreme 
margin get crowded out, while the others have to be dealt with in 
a hurry. ` 

The fact that sensations of bodily origin become both more 
insistent and less attached to the skill is exactly what would be 
expected if this general picture is correct. There are two important 
points, 

The proprioceptive impulses concerned are, in this case, addi- 
tional stimuli, not, in fact, directly required by the skill, but set 
up in the course of the performance and capable of being used to 
improve the performance. When the stimuli and the skill split 
up, under the influence of increasing fatigue, the proprioceptive 
signals, like all the other stimuli, get accepted less and less in 
their relations to all the others, and more and more as individual 
occurrences, They then move in the direction of becoming verit- 
able distractions, for they are not to be found among the original 
stimuli that set the skill going. If this were all that happened they 
would tend to become more and more marginal and, in accord- 
ance with the general rule, they might be expected to be in- 
creasingly ignored. But it is not all that happens. All the time the 
general drift in the operator is towards a less closely organized 
and effective central control. He is moving back towards a stage 
of behaviour which has many of the characters of an early phase 
in the history of increasing neuromuscular guidance. Evidence 
from many other sources shows that in this early stage sensations 
of bodily origin play a large part in directing behaviour. With the 
increase of weariness they get back their character of being 
pressing, interesting, very inadequately understood, less tied up 
with specific performance and more individual occurrences, 
attractive on their own account, They are not, therefore, 
easily ignored, but their function is persistently limited to their 
occurrence, 

It seems possible to make a generalization about distractions 
and fatigue, though this must await more exact experimental 
confirmation. If distractions, or additional stimuli, can be woven 
into the general stimulus context the alert nervous system will 
use them and after a very brief initial disturbance, the skill will 
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improve. With the onset of fatigue they fall apart from the per- 
formance once more, but if they represent important general 
factors in the acquisition of special forms of muscle contro! they 
cannot be ignored. Their threat is met with the characteristic 
increased effort of the early phases of central fatigue, but this 
effort will not be maintained. They then become hampering, 
obsessive and disagreeable. 

At first sight the subjective symptoms of the fatigue character- 
istic of long continued skill all seem highly paradoxical. The 
widening of threshold range, the increasing inaccuracy of timed 
response, the dissociation of performance and of stimulus units — 
all these proceed or may proceed unwittingly. Yet the operator 
becomes more and more unreliable about the facts of his situa- 
tion, he is more worried and possessed by physical discomfort and 
his irritability grows. He is at once more optimistic about his 
performance and pessimistic about his state. He asserts that he is 
doing well and at the same time he blames something or some- 
body else for making him do badly. The explanation perhaps is 
simple. He does not know how his bodily mechanisms are 
operating to achieve the required skill. Hardly anybody ever does, 
for skill does not depend on that kind of knowledge. He does 
know or suspect, however, that the task is not proceeding in 
quite the same way as at first and so he must have his excuses. 

This is the beginning of the story of fatigue following highly 
skilled work. It is only the beginning and only the broad outlines 
are as yet available. If the details are to be filled in there must be 
more and more experiments. At least we know how to shape 
these experiments. We know that we must look less at what the 
fatigued man does, and more at how he does it. We must adopt 
as our criteria, not some measure of total effort, and not any 
necessary deterioration of specific and repeated reaction, but the 
widening of the threshold of range, the loss of accurate timing, 
the splitting up of stimulus and response patterns. › 

Perhaps it is not unfair to suggest also that this experiment has 
applications far beyond the limits of its own immediate purpose, 
For generations inyestigators have sought a fuller understanding 
of the functions of central nervous control. Frequently they have 
upset such control by fatigue, by drugs, by cutting out bits of 
brain structure and then have looked to see what is lost in the way 
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of behaviour. Perhaps this is wrong. Perhaps we should try first 
and foremost, not to see what is lost or even what is left, but how 
that which is held is maintained. 

The experimental investigations upon a study of which this 
lecture is mainly based was carried out at the request and with 
the support of the Flying Personnel Research Committee. 
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Differences and Interactions between Stresses 


D. E. Broadbent, ‘ Differences and interactions between stresses’, Quarterly 
Journal of Experimental Psychology, vol. 15, 1963, pp. 205-11. 


Introduction 


During the past twenty years or so, it has been demonstrated that 
each of a number of unpleasant environments affects human 
behaviour. High temperatures (Mackworth, 1950; Pepler, 1958), 
noise (Grimaldi, 1958; Jerison, 1957) and deprivation of sleep 
(Wilkinson, 1960; Williams, Lubin and Goodnow, 1959) are 
typical of the variables that have been studied and proved 
harmful. It has been usual, however, to consider each variable 
alone, and very often the investigation has enquired only whether 
the effects were undesirable, without analysing the type of effect 
more closely. Nevertheless it is desirable that one should under- 
stand the mechanism by which the effects of stress are produced. 
1f that mechanism is the same for different stresses, the disorders 
of performance should be the same in the different cases. If they 
are different, the nature of the differences may shed some light 
upon the various mechanisms in play. 

There is also a considerable practical problem of combined 
stresses, An environment which is hot may also be noisy: 
although there appears to be a critical temperature in the region 
of 81° F above which performance deteriorates, ought this to be 
set at a lower level when noise is also present? Are the effects of 
different stresses multiplicative, additive, or do they perhaps even 
cancel each other? 

Systematic research on this point has been rare, presumably 
because there are even more combinations of stresses than there 
are simple stresses, and therefore the time required for investiga- 
tion becomes considerable. Even if single stresses are being com- 
pared, the same task and the same type of subjects must be used 
in each case, and thus the whole research must normally take 


311 


The Breakdown of Skill 


place in one laboratory. The following results are therefore a 
summary only of Cambridge research, and are correspondingly 
incomplete. It seems reasonable to conclude already, however, 
that different stresses do affect different mechanisms, and even to 
suggest the nature of some of the mechanisms. 


Comparisons of Stresses 


There are certain tasks which have been studied in several 
different stresses and on similar populations of naval ratings. 
The first of these is a serial-choice task, which lasts half an hour. 
The subject sits before a panel, on which there are five brass 
contacts arranged in an equilateral pentagon. There are also five 
lights, one corresponding to each of the contacts. (In some cases 
the lights are next to the contacts and in some cases mounted 
on a vertical panel in front of the subject. Although this later 
condition may perhaps require more practice, the particular 
results to be mentioned are not affected by it.) At the start of 
the period, one of the lights is on and the others are off. The sub- 
ject touches the appropriate contact with a stylus and the light 
goes out, Another light immediately comes On, receives its 
response and so on. Thus the rate of work depends on the man 
himself, and provides a score. His errors also can be counted. 

On this task the average rate of work remains constant during 
a period of half an hour under normal conditions (Broadbent, 
1953; Pepler, 1959; Wilkinson, 1959). Tt is also the same in noise 
as in quiet (Broadbent, 1953, 1957) and in heat as at normal 
temperature (Pepler, 1959). But it is slower after loss of sleep 
(Pepler, 1959; Wilkinson, 1959).! Furthermore, the size of the 
effect of loss of sleep increases as the work-period goes on and 
may be entirely absent in the first five minutes. 

The incorrect responses, on the other hand, become more 
frequent towards the end of a work period (Broadbent, 1953; 
Pepler, 1959). They are increased in noise, but this effect is greater 
at the end of the period and may be reversed in the first 5 minutes 


1. By ‘heat’ in this context is meant an environment of 105* F dry-bulb 
and 95° F wet-bulb temperature. By ‘noise’ is meant continuous wide-band 
noise of 100 dB re. 0-0002 dynes/sq. cm; and by ‘loss of sleep’ one com- 
plete night’s deprivation. 
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(Broadbent, 1953, 1957). They are not increased by loss of sleep 
(Pepler, 1959; Wilkinson, 1959), but do become more frequent 
in heat (Pepler, 1959), The latter effect remains constant in size 
throughout the work period. 

Thus each stress has its own pattern of behaviour: loss of sleep 
affects speed but not errors and only does so at the end of the 
task, noise affects errors but not speed and does so at the end, 
while heat affects errors but not speed and does so at the begin- 
ning. It must immediately be said that these results do not imply 
that scores on other tasks, which may also be called ‘speed’ 
and ‘errors’, will be similarly affected. But since the task has been 
held constant, it is at least clear that the stresses differ in their 
effects. 

A second task which has been used in several experiments is a 
pursuit-meter, in which the subjects followed a target pointer 
with another pointer controlled through a lever. The target 
oscillated with a mean frequency of 0:5 c.p.s., and the whole 
display was viewed through a diffuser which made it very diffi- 
cult to see. On this task the discrepancy between the two pointers 
was integrated over time and provided a score which may be 
called ‘error’, although it is, of course, quite different from error 
in the serial-choice task: in the latter the subject had to do some- 
thing to make an error, whereas in the pursuit-meter he would 
score highly in error if he did nothing at all. A second score was 
provided by the number of times the controlled pointer changes 
its direction of movement; this provides some indication of the 
extent to which the subject was in fact attempting to follow the 
target and is called the ‘movement’ score. 

On this task the error score increases in heat (Pepler, 1959, 
1960), after a loss of sleep (Pepler, 1959), in glare (Pepler, 1960) 
and under the distracting condition of hearing a faintly spoken 
passage from a thriller (Pepler, 1960). Thus this score does not 
appear to differentiate between the stresses, except perhaps in 
that the effect of loss of sleep shows more tendency to increase 
during the run than does the effect of heat. (This, it will be remem- 
bered, was also true on the serial-reaction task.) Heat and sleep- 
lessness differ most markedly, however, in the movement score; 
whereas in heat there is an increase in that score, loss of sleep 
produces no such increase (Pepler, 1959). Glare and distracting 
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speech give a definite decrease (Pepler, 1960). Thus in this task 
also, different stresses give different patterns of behaviour. 

The interpretation of these patterns is, however, not completely 
clear. In the case of glare and distraction, it seems likely that 
there is an interference with perceptual processes and therefore 
the subjects not only do badly but also fail to perceive the extent 
of their error and do not try to correct it. By analogy one might 
suppose that the effect of sleeplessness is also perceptual but that 
the effect of heat is not. Therefore the latter stress is the only one 
in which increased error is accompanied by increased attempts to 
correct that error. Unfortunately, the pursuit-meter task has not 
been used in noise of intensity and duration similar to that 
employed as a stress on the serial-reaction task. Thus it remains 
unknown whether noise would resemble heat or loss of sleep on 
the movement score of the pursuit-meter, 

Despite these uncertainties, it is clear that different stresses have 
quite different effects; and in general that loss of sleep gives an 
inert type of behaviour while high temperatures and noise give 
active but inaccurate types. 


Interactions of Stresses 


These differences in type of breakdown must imply that the 
stresses either affect different mechanisms or else that they affect 
the same mechanism to different extents: say in opposite direc- 
tions. If two stresses act by quite different mechanisms, their 
effects should be independent of each other; and if they operate 
by manipulating the same mechanism in two opposite directions 
(say, one by raising and one by lowering a general level of 
arousal), then their effects should tend to cancel out. Thus by 
applying the two stresses together we should be able to separate 
these possibilities. In fact as will be seen, the present evidence 
Suggests that heat affects an independent mechanism of its own 
whereas loss of sleep and noise affect the same mechanism in 
Opposite directions. It might be for instance that one of them 
reduces and the other raises the general level of arousal. 

To consider first the evidence for the independence of heat and 
loss of sleep, Pepler (1959) applied both stresses together and was 
unable to show any Statistically significant interaction of their 
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effects on either the serial-choice task or the pursuit-meter. 
Furthermore, there is some evidence that the two stresses are 
differently affected by incentives. In all the experiments using the 
serial-reaction task which have been described so far, the man 
performing the task had no information about his own success 
beyond that which he obtained from realization of his own errors 
and rate of work. It is possible to raise the subject’s level of 
motivation by telling him every five minutes the number of correct 
and incorrect responses which he has made. When this stimulat- 
ing and informative treatment is applied the man performs almost 
equally well whether sleepless or not (Wilkinson, 1961a). It is 
noteworthy that other forms of incentive, which do not inform 
the subject about his own performance, reduce the effect of loss 
of sleep (Corcoran, 1963b). Thus it is truly the motivating effects 
of knowledge of results, rather than the informative ones which 
oppose those of loss of sleep. 

If now the effect of heat was mediated by the same mechanism 
as that of loss of sleep, it too should be reduced by incentives. 
Most unfortunately this experiment has not been carried out 
using the serial-reaction task but it has several times with other 
tasks (Mackworth, 1950; Pepler, 1958) and in no case has there 
been any sign of a reduction in the effect of heat by incentives. 
They improve performance, but they do so by the same amount 
whether the temperature is high or normal. Thus here again there 
is no evidence that the effects of heat have anything in common 


with those of loss of sleep. р 
When we compare the interaction of effects of noise with those 
of loss of sleep, however, the pictureis quite different. Experiments 
on the application of both stresses together (Corcoran, 1962; 
Wilkinson, 1963) show that the effect of loss of sleep is less when 
loud noise is present; and a study of the effects of knowledge 
of results upon performance of the serial reaction task in noise 
(Wilkinson, 1963) shows that the effect of noise is greater when 
incentives are applied than when they are not. Thus the effects of 

noise and of loss of sleep oppose each other, at least in part. 
Some authors, such as Hebb (1955), have suggested that men 
may be inefficient not only because of too low a level of arousal, 
but also because of too high a level (see Broen and Storms, 1961, 
for a recent review and discussion of this possibility). Since sleep 
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is certainly connected in some way with the general level of 
arousal of the nervous system, it is possible that one of the stresses 
raises the level too high whereas the other reduces it too low. 
While a case might in the abstract be made for regarding con- 
tinuous noise as de-arousing (because it masks out the usual 
varied background of auditory stimulation), and loss of sleep as 
over-arousing (because it means more exposure to stimulation), 
this view encounters various difficulties. First, the effects of incen- 
tives already mentioned would be surprising on such a theory. 
Incentives surely ought to be arousing, and therefore the stress 
which they cancel out should be de-arousing; and that is loss of 
sleep. Secondly, for similar reasons we would expect the effect 
of an over-arousing stress to be greater when the number of 
stimuli per minutes increases in a task which otherwise remains 
the same. But Corcoran (1963a) has shown that loss of sleep 
affects a task less when the rate of stimulation is greater, Thirdly, 
Wilkinson (1961b) has found that individuals with relatively 
high muscle tension are those who show less effect of loss of 
sleep: and this would be surprising if sleeplessness were de- 
arousing. Fourthly, in unstimulating tasks it has been found by 
Corcoran (1963b) that physiological measures show signs of 
lowered arousal after loss of sleep, even though in stimulating 
tasks the reverse may be the case (Malmo, 1959). 

It is therefore a more plausible hypothesis that loud noise is 
over-arousing because it represents too high a level of stimula- 
tion; and that this effect is greater when incentives are applied 
since they may be supposed to bring the level of arousal up to its 
optimum even in the absence of noise. Loss of sleep on the other 
hand reduces the level of arousal to a dangerous extent, but is 
less likely to do so when incentives are present. Such a view is 
also consistent with the type of breakdown which occurs on the 
Serial-reaction task under the two stresses; with loss of sleep the 
man does badly by doing little whereas in noise he does badly by 
doing the wrong thing. 


Some Difficulties and Omissions 


The most major difficulty in the foregoing account is that both 
sleeplessness and noise have their greatest impact at the end of a 
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work period than the beginning. If noise were hyper-arousing, it 
surely ought to have its main effect at the start of work before 
the task becomes familiar and monotonous. Some addition is 
therefore needed to the simple theory that sleeplessness and noise 
are opposite in their effects: there might perhaps be some other 
consequence of continuous work which makes the man ineffi- 
cient and then sleeplessness or noise determines the way in which 
the inefficiency shows itself. 

Another point which requires more examination is the relation- 
ship of heat to the other stresses. From everyday experience one 
would have thought that very high temperatures made it difficult 
to sleep, but moderately high ones were distinctly soporific: and 
it may therefore be only the particular condition of 105° dry- 
bulb and 95° wet-bulb that is independent of the arousal mechan- 
ism. Furthermore, although the experiment of Pepler (1959) 
shows quite clearly that, for instance speed on the serial-reaction 
task shows no interaction between heat and loss of sleep, yet 
there was an interaction (even though statistically insignificant) 
on the movement score of the pursuit-meter. Thus there may 
possibly be some marginal effects of heat which do interact with 
those of loss of sleep even though we can be sure of a large area 
of independence. It would also be desirable to study the com- 
bined effects of heat and noise, which ought to show no inter- 
action if our other conclusions are sound. Indeed, Viteles and 
Smith (1946) did study various combinations of noise and tem- 
perature and concluded that there was no interaction between 
them. Their noise levels were all lower than those in the other 
experiments cited, and their tasks and subjects were, of course, 
different but at least it can be said that their conclusions raise no 
difficulty for our view that noise and sleeplessness are polar 
opposites while heat is a stress of a different kind. 

It would also be desirable, as has been noted, to study the 
interaction of knowledge of results and heat on the serial reac- 
tion task, since so far this combination has only been used with 
other tasks, The interaction of incentives with noise should also 
be examined using incentives other than knowledge of results: 
although as already indicated other incentives have been shown 
by Corcoran to reduce the effect of loss of sleep, it is likely that 
different types of incentives are different in their nature. Williams, 


317 


The Breakdown of Skill 


Lubin and Goodnow (1959) did not find an interaction of loss of 
sleep and knowledge of results, perhaps, as they say, because their 
knowledge of results did not possess a very strong incentive 
character: or possibly, of course, because of differences in task 
and subject sample from those used in Cambridge. 

Other studies which should be done in noise concern the 
individual differences, and the effect of varying the frequency 
of signals in the task. If the general view of sleeplessness as 
under-arousing and noise as over-arousing is not an over- 
simplification, those men with the highest muscle tension in noise 
should be the most impaired in efficiency; since in sleeplessness 
the reverse is true. (This point was drawn to my attention by 
Air Comdr W. K. Stewart, R.A.F.) Furthermore we would 
expect a task with a high signal frequency to show bigger effects 
than a task with a low frequency. To some extent the latter com- 
parison has been made and the prediction confirmed by Jerison 
(1957, 1959). There were, however, other differences between 
his tasks, and he himself considered that the necessity for division 
of attention was the crucial variable in making a task vulnerable 
to noise. Further work on this point is in progress. 

Another profitable field for further study would be the use of 
drugs to raise and lower arousal, in combination with other 
stresses. To put the point crudely, it might be that sedatives will 
reduce the ill effects of noise on efficiency. It is noteworthy that 
a study of the effects of a tranquillizer on the serial-reaction test 
(Steinberg, 1959) has shown that the ill effects are much less 
when knowledge of results is given, so that the action of the drug 
appears similar in this respect to that of sleeplessness. Admittedly 
the effects in this case were on errors rather than speed, and this 
points to a difference between the two variables. On the other 
hand, the sample of subjects was very different from those used 
in the other experiments cited and this might be the reason for 
the difference. 

All these areas of research clearly require investigation, and any 
of them may yield results inconsistent with the simple theory 
based on the concept of arousal which has been put forward in 
this paper. Perhaps the main weakness in such a theory is already 
evident, however: it can explain both rises and falls in efficiency 
with equal ease when almost any treatment is applied to a man. 
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This point has already been discussed (Broadbent, 1963); it 
obviously means that very stringent precautions must be taken 
to tie down the exact level of arousal at which particular 
predictions are supposed to apply. So far, little has been done in 


Table 1 


The Summarized Effects of Three Stresses on the Serial- 
Reaction Test as far as Present Evidence Goes 


Speed Errors Place in Effect of Interaction with 
work period incentives 
where effect 


appears Heat Noise 
Heat по effect increased throughout (no change in — (none) 
effect”) 
Noise no effect" — increased* end* increases effect (none) — 
Loss of ion* * end* decreases none reduced 
ni 
sleep reduction* no effect? ei effect effect^ 


p up га 7 &_ n 


Resultsin brackets are not from the serial-reaction test and are therefore not strictly 
comparable, 


* i á i У 
These results are from more than one experiment and are therefore particularly 
trustworthy, 


this way. Whatever the fate of the concept of arousal, however, 
it does seem clear that heat, noise and sleeplessness are not to be 
lumped indistinguishably together under the single label of stress; 
for each produces distinctive effects. Heat on the whole seems to 
Impair performance by a mechanism of its own, while noise and 


sleeplessness act on some common mechanism in opposite 
directions, 
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Effect of Small Doses of Alcohol on a Skill Resembling 
Driving 

G. C. Drew, W. P. Colquhoun and Н. A. Long, ‘Effect of small doses of 
alcohol on a skill resembling driving’, British Medical Journal, vol. 5103, 
1958, pp. 993-9. 


Since the drinking of alcohol in one form or another is so com- 
mon a characteristic of the social life of man in a variety of cul- 
tures, it would seem important that as much as possible should 
be known both of its physiological effects and of its effects on 
behaviour. In fact, at the present time, very little precise informa- 
tion is available, in spite of an extensive literature on the subject. 
This literature has been reviewed, more or less comprehensively, 
periodically since the early part of this century (Darrow, 1929; 
Drew, 1950; Emerson, 1933; Fisk, 1917; Jellinek and McFar- 
land, 1940; M. R. C. Alcohol Investigation Committee, 1938). 
The most striking feature to emerge from any such review is 
the marked lack of agreement between authors, amounting 1n 
many instances to direct contradiction of one another. This is 
especially true of the effects of smaller doses. Perhaps not Я 
prisingly, doses of intoxicating strength have generally теше іп 
deterioration in efficiency in almost all aspects of bel еш 
tested. For doses below this level, however, the picture is no 


clear, "E 
Some authors have reported deterioration ага 
however small the dose, some have failed to a H ту 

While several have shown actual improvements following 
Of the order of one single whisky. ee 
In part these discrepant findings reflect the purer. 
many of the results in this field but in part they arise from the 
Complexity of the effects of alcohol. А 
For moderate and intoxicating levels it has been established 
that the effect of alcohol is related to its concentration in the 
blood and that the blood/alcohol concentration obtained from a 
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given ingested dose depends both on the body weight of the 
recipient and on the rate at which the alcohol is absorbed into the 
blood (Winton and Bayliss, 1948). The rate of absorption, in 
turn, has been found to be dependent on the amount, type, and 
dilution of alcohol, the contents of the stomach, and the drink- 
ing habits of the individual (Goldberg, 1951). 

Previous reports further suggest that, apart from a slowly 
developed tolerance to alcohol from repeated exposure to it over 
a number of years, known as habituation, there is also a more 
rapid adaptation to each dose consumed, so that it has a greater 
effect when the blood alcohol level is rising than when it is 
falling (Eggleton, 1955; Goldberg, 1951; Mellanby, 1919; Miles, 
1924). 

The nature of the task used is also important. Goldberg (1943) 
has shown that some tasks are more readily impaired by a given 
dose than are others. Familiar tasks, too, deteriorate less than 
ones that are unfamiliar (Jellinek and McFarland, 1940), The 
method of measuring change in performance is often of great . 
importance. The additional stimulation provided by a new task 
frequently enables the subject to compensate, for a short time, 
for conditions which have produced an over-all reduction in his 
efficiency. For this reason, short interpolated tests may fail alto- 
gether to measure this deterioration and may show normal or 
even above normal efficiency (Drew, 1942). Reasonably long- 
lasting tests seem necessary unless the deficiency is a gross one. 
Welford (1951) has stressed the importance, for the analysis of 
skilled behaviour, of measuring different aspects of performance, 
since relatively gross measures may obscure changes in the way 
in which different actions are integrated in the final performance. 

The wide individual variations in performance in response to 
alcohol remaining when the above factors are taken into account 
have been attributed to temperamental differences, and especially 
to those differences related to extraversion-introversion. 

Differences along this dimension have been noted in other 
contexts. Extraverts have been shown to be relatively less con- 
cerned with accuracy of performance (Himmelweit, 1946), to 
deteriorate more rapidly during continuous work (Broadbent, 
1956; Eysenck, 1957a) and to be less consistent in performance 
(Venables, 1956). It has, furthermore, often been noticed, when 
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giving depressant drugs to psychiatric patients, that a given dose 
has a greater effect on patients with hysterical disorders than on 
anxiety and depressive patients. A theory postulating a greater 
amount of cortical control for introverts and a greater suscepti- 
bility of extraverts to depressant drugs due to the reduction of 
cortical control was first put forward by McDougall (1929) and 
has recently been extended by Eysenck (1957b). Experimental 
confirmation of the greater susceptibility of extraverts to the 
depressant action of amylobarbitone sodium has been published 
by Shagass (1954, 1956). 

The aims of this experiment were to investigate the effect of 
small doses of alcohol on a complex skill, resembling driving; to 
relate any changes found to the level of blood alcohol; to see 
whether individual differences in response to alcohol could be 
explained in terms of previous experience or of temperamental 
differences, when every effort had been made to minimize differ- 
ences in blood alcohol level; and, finally, to investigate the 
accuracy with which blood alcohol level could be estimated by 
measuring the alcohol excreted in urine and in breath. This article 
is a preliminary report of the main results of the experiment which 
was carried out on behalf of the Road Users’ Committee 
appointed jointly by the Medical Research Council and the Road 
Research Board (Department of Scientific and Industrial Re- 
Search). Full details will be published later by the Medical 


Research Council. 


Experimental Method 


In deciding upon the task to be used, two considerations had to 
be borne in mind: that the task would need to be a continuous 
one of reasonably long duration and that such a task runs the 
tisk of becoming extremely boring for subjects. It was finally 
decided that an apparatus known as the ‘Miles motor driving 
trainer? provided the best compromise between a task, perfor- 
mance on which could be scored adequately, and one which had 


the motivating capacity of a real-life situation. 


1. G. C. Drew, W. P. Colquhoun and Н. A. Long, Effect of Small Doses 
of Alcohol on a Skill Resembling Driving, H.M.S.O., 1959. [Ed.] 
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In this apparatus the subject sits in a dummy car, facing a 
translucent screen in a darkened room. Behind the screen is a 
‘ perspex’ disk with a road scene painted on it. This road scene 
is projected, very much magnified, on the screen by a lamp on 
the perspex surface. As the driver operates the accelerator and 
steering-wheel to change his speed and direction of movement, 
the car appears to progress along the road. The effect is reason- 
ably realistic, and the task bears some resemblance to driving in 
that non-drivers find the machine difficult to control without 
considerable practice, whilst experienced drivers have little 
difficulty with it. Though the central task is very similar to driv- 
ing, it differs from it in being completely devoid of danger and 
emergencies. The track used was a continuous winding circuit, 
the equivalent of slightly over one mile in length. Its repetitive 
nature was not very apparent to the subjects and had consider- 
able advantages for scoring in presenting the same objective 
task to the subjects at all stages of the trial. 

The main aspects of performance to be scored were accuracy 
of tracking, speed of driving and the control movements of 
steering-wheel, accelerator, brake, clutch and gear lever. Of the 
latter, only steering-wheel and accelerator pedal movements 
proved worth considering. Accuracy of tracking, measured in 
terms of deviations from a course parallel to the left-hand kerb, 
and steering-wheel and accelerator pedal movements were 
recorded graphically and simultaneously scored on counters, 
photographed once each lap. Separate recording was made of 
the number of collisions of the car with the side of the road; 
‘hunting’ movements of the steering-wheel too small to change 
the car's direction; gear changes; identification marks for lap 
completion and major corners; and a time mark. 

The subjects were forty volunteers from the staff of the Road 
Research Laboratory. Their ages ranged from 23 to 40 years, 
except for one subject aged 58. The mean age was 31 years. Five 
of the subjects were women. All were in good health and held a 
current driving licence. The majority reported that they took 
alcohol only occasionally. 

The alcohol was administered orally as analar grade absolute 
alcohol, diluted to a 20 per cent solution and flavoured to dis- 
guise the alcohol content. Haggard, Greenberg and Cohen (1943) 
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found that the toxic effect of alcohol varied considerably even 
within the same kind of spirit owing, apparently, to the presence, 
in minute quantities, of substances related to the original dis- 
tilling. They found that, after very careful distilling, absolute 
alcohol was less toxic than any of the other forms tried. As analar 
grade absolute alcohol was used in this experiment, it seems 
probable that the results reported here represent minimum effects 
for these quantities and concentrations. Equivalent amounts of 
alcohol taken as beer or spirits could be expected to have some- 
what greater effects. 

This investigation was concerned with blood alcohol con- 
centrations of less than 100 mg per 100 ml of blood, since this is 
the figure recommended by the National Safety Council of 
America (1953) as the limit of ‘safe’ and only ‘possibly under the 
influence’. To achieve these concentrations, doses were given of 
0:00 (placebo), 0:20, 0:35, 0-50 and 0:65 g of alcohol per kg of 
body weight. In terms of the concentrations used by Cohen, 
Dearnaley and Hansel (1958) these doses represent approximately 
18, 31, 44 and 57 ml of absolute alcohol for an 11-stone (70-kg) 
man. The largest dose is the approximate equivalent of 3 pints 
(1700 ml) of ‘average’ beer or 5 fl. oz (142 ml) of whisky for an 
11-st (70-kg) man. 

In view of the expected wide individual variations, and of the 
difficulty of defining a ‘correct’ performance on such a task as 
this, it was decided to use each subject as his own control. That 
is, the effect of alcohol was measured as the degree of change in 
performance of each subject against his own performance 
without alcohol. To minimize practice effects, à latin square 
design was used, each square containing five subjects and five 
doses. This square was repeated eight times with different 
subjects. The women subjects were assigned to one square. Each 
subject was tested on the same day of the week for five consecu- 
tive weeks. Thus each subject received every dose. 

Subjects were given preliminary practice to familiarize them 
with the task, and information was obtained on body weight, 
age, driving experience and drinking habits. (They were asked 
not to drink on the evening before a trial.) On the morning of the 
trial the subject took a fat-free breakfast and 2 to 24 hr later, at 
10 a.m., the first urine sample was collected to provide a check 
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on ketones and residual alcohol and to empty the bladder. (na 
subsidiary experiment, urine samples were taken with a full 
bladder.) He was then given his drink and requested to finish it 
within 10 min. After a further 10 min he entered the apparatus 
and was instructed to drive as he normally would in a real car 
and not to stop until told to do so, unless an emergency arose. 
The subject drove for 20 min and then had a 10-min break, during 
which the blood, urine and breath samples were collected. There 
followed three further 20-min periods of driving, and 10-min 
rest pauses during which samples were taken. Each experimental 
series lasted 24 hr. 

Approximately 0:5 ml of blood was taken from the thumb on 
each sampling occasion and the blood and urine samples were 
analysed at the South-Western Forensic Science Laboratory, at 
Bristol, by the microanalytic modified Cavett method recom- 
mended by the B.M.A. Committee (Kent-Jones and Taylor 
1954). Samples taken on the alcohol-free days were usually dis- 
carded but occasionally were used as a check on the analytic 
procedure. Readings from three instruments for the measurement 
of breath alcohol were recorded at the time of blood sampling on 
a number of occasions. The breath analysis instruments used 
were the *alcometer" (Greenberg and Keator, 1941), the * drunko- 
meter’ (Harger, Lamb, and Hulpieu, 1938) and the * breathalyser’ 
(Borkenstein). 

The subjects were given a battery of personality tests, from 
which only the measures of extraversion are considered in this 
paper. Tests included the Minnesota "Multiphasic Personality 


Inventory, the Maudsley Personality Inventory and the Bernreuter 
Personality Inventory. 


Alcohol Concentration 
Blood analysis 


The means and standard deviations of each dose, in mg per 100 
ml of blood, are given in Table 1. It will be observed that peak 
concentrations for the four doses were roughly 20, 40, 60 and 
80 mg per 100 ml of blood. The doses used, therefore, have been 
effective in producing concentrations normally regarded as low 
or ‘safe’. It will be seen from the standard deviations that there 
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is relatively little overlap between the concentrations following 
different doses, implying that the technique of adjusting the 
absolute quantity of alcohol given to total body weight produces 
reasonably consistent blood alcohol values. The change in the 
mean blood alcohol values for each dose through time is shown 
in Figure 1. Following each dose, blood alcohol rises steeply toa 


Table 1 


Mean Blood Alcohol Levels and Standard Deviations, 
Following Four Doses of Ingested Alcohol 


Dose Time After Drinking in Minutes 

30 60 90 120 

Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
1.(0:20 g/kg) 23 10 19 9 13 8 6 5 
2. (0:35 g/kg) 36 15 37 10 307°" ^9 1920 9 


3. (0:50 g/kg) 58 14 59 11 51 12 39 10 
4. (0:65 g/kg) 74 19 —77 127057] 14 62 15 


maximum, reached somewhere between 30 and 60 min after 
drinking, and then falls off in an approximately linear way. 
There is a tendency for the peak concentration to occur slightly 
later as the dose increases. That following the largest dose gives a 
mean time of nine minutes later than that for the smallest. For 
some subjects, measurements were taken up to 6 hr after drinking. 
Dose 1 fell to near zero concentration by the end of 2 hr, dose 2 
at about 4 hr, dose 3 at rather over 5 hr, and at 6 hr the mean 
concentration following dose 4 was still 20 mg per 100 ml. Once 
the peak was passed blood alcohol levels fell, on average, by 
approximately 10 mg per 100 ml per hr. 


Urine analysis 

Full details of the urine and breath analysis will be given in the 
main report. The concentration of alcohol in urine built up more 
slowly, reaching a peak concentration between 20 and 25 min 
later than that in the blood. After the peak was passed the fall-off 
paralleled that in the blood, the value at any given time being 
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proportionately higher. The over-all ratio of urine to blood alco- 
hol was 1:252: 1, When the samples were taken with the bladder 
full, values were slightly more variable, but did not differ signi- 
ficantly from those taken after the bladder had been emptied. 
Correlating the urine alcohol level with that in the blood 30 


min earlier, to make an approximate correction for the time lag, 
gives a product-moment correlation of r = + 0.92, 


Breath analysis 


Of the instruments used to analyse alcohol in expired breath, the 
breathalyser proved most satisfactory. It proved highly reliableand 
gave values corresponding closely to the blood alcohol values, 
having a constant error of +-2 mg рег 100 ml. Some difficulties 
were experienced with the other instruments used. In 95 per cent 
of the comparisons the breathalyser values lay within 4-21 mg 
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per 100 ml of the blood alcohol readings, the drunkometer 
within +22 to 26 mg per 100 ml, depending on the operating 
technique used, and the alcometer within +34 mg per 100 ml. 


Performance Changes 


The aspects of performance measured concerned the accuracy 
of tracking, the speed at which the task was taken and the opera- 
tion of the controls, 

The accuracy measures consisted, firstly, of tracking error (the 
amount of deviation across the road surface from a track parallel 
to the left-hand kerb) and kerb-bumpings (the more serious error 
of colliding with the side of the road). Secondly, two detailed 
accuracy measures were obtained — positioning of the car relative 
to the left-hand side (this was measured on a sample of ten sub- 
jects for no-alcohol and dose 4), and consistency in car position- 
ing at a corner in the circuit (measured, for thirty-five subjects, 
as the range of differences in negotiating the same corner on Six 
successive occasions in the second driving period under each dose 
condition). 

Speed was recorded as the number of seconds taken to com- 
plete one lap. The total amount of steering-wheel movement 
made will be the only aspect of control movements considered 
here. 

All scores were expressed as a summed score per lap, and were 
then averaged over 5 min. The 5-min averages were then summed 
over 20 min. They were subjected to a variety of statistical treat- 
ments, including analysis of variance. Regression lines and 
coefficients of correlation are used here. 

The results are presented in terms of group effects, followed by 
some discussion of individual differences in response to alcohol 
and their relationship to other personal characteristics. A table 
of the mean effects of alcohol for each scoring category is given 


in the Appendix. 


Group Effects 


Practice effects varied in the different performance measures, 
Tracking error showed very little change with practice, but there 
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was a progressive increase in speed of driving throughout the 
experiment. Time per lap and tracking error were negatively 
correlated (r = — 0-39), but correction of error scores for 
increased speed makes little difference to the over-all picture. 
Steering-wheel movement shows a pronounced practice effect in 
a progressive and marked reduction in the amount of movement 
throughout the experiment. 
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Figure 2 Regression of tracking error on blood alcohol level. Each 
point is the mean of eighty paired values 
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Effect of alcohol on accuracy 

Accuracy of steering, in a complex task of this kind, decreases 
progressively as blood alcohol increases, even with the low con- 
centrations used in this experiment. Furthermore, there is, from 
the group effects, no evidence of a threshold. Instead, there is a 
measurable increase in mean error as soon as there is a measur- 
able quantity of alcohol in the blood. The relation between 
accuracy, expressed as tracking error, and blood alcohol is shown 
in Figure 2. This shows the regression of error on blood alcohol. 
The regression is highly significant (p < 0-001). This is confirmed 
by an analysis of variance, which shows a relation of error and 
blood alcohol significant at better than the 0-01 level of prob- 
ability. The mean increase in error for the 80 mg per 100 ml 
concentration compared with no-alcohol performance is about 
16 per cent. 

It has been noted above that blood alcohol concentration 
shows a characteristic change with time after drinking, showing, 
first, a steep rise to a maximum value, followed by a slow return 
to normal. Tracking error shows a very similar pattern with time 
after drinking. The close correspondence of the rise and fall 
through time of blood alcohol and tracking error is shown in 
Figure 3. In this figure, tracking error scores are expressed as the 
mean score for each driving period. Blood alcohol concentrations 
have therefore been expressed in the same way. The rise and fall 
of urine alcohol, expressed similarly, have been included. The 
figure for urine alcohol has been reduced by one-fifth (in view of 
the ratio of 1-252: 1) to enable it to be presented on the same 
scale. Although only the largest dose has been plotted, the data 
for the other doses follow the same pattern. 

It can be seen that urine alcohol reaches a maximum about 20 
min later than blood alcohol. The error curve looks as though its 
peak would occur somewhere between the two. The calculation 
of lag correlations confirms this. Maximum correlations are 
obtained when error scores are correlated with blood values some 
10 min earlier and with urine values some 10 min later, From 
this it would appear that maximum error slightly lags in time 
behind the maximum blood alcohol and slightly precedes maxi- 
mum urine alcohol. 
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Figure 3 Rise and fall of blood alcohol, error score and urine alcohol 


with time after drinking. (Urine alcohol levels reduced by one-fifth.) 
Each point is mean of forty subjects 


Product-moment correlation of the rise and fall of blood 
alcohol and the rise and fall of error is positive and significant, 
The mean correlation of the four paired values, calculated 
separately for each individual, is r = +0:271, with p lying 
between 0:01 and 0-02. The size of this correlation, though 
significant, seems small. It will be seen from Figure 3 that there 
is a time lag between the two variables with an inverted relation- 
Ship in periods 2-3. This, and the clustering of points in the 
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second, third and fourth driving periods, probably have reduced 
the size of the correlation. When blood alcohol values at 5-min 
intervals, obtained by interpolation from the individual curves, 
are correlated with the 5-min error scores, allowing a much 
smaller lag than the 20-min scores, the correlation rises to 
r — -- 0:89. Because the test ends before blood alcohol has 
dropped very markedly, it is not possible from these scores to say 
whether error scores recover more quickly than blood alcohol 
levels, though inspection of Figure 3 shows that the slope of error 
scores in the last half hour is steeper than for blood alcohol. The 
frequency of kerb-bumping rises steeply to a maximum, for each 
dose, with blood alcohol, and falls almost equally steeply after 


the maximum has been passed. 
In an attempt to interpret the increased error with increased 


blood alcohol, records were sampled for mean position on the 
road surface, amount of swing about this position and consis- 
tency of behaviour on corners. Significant differences were 
found. Without alcohol, subjects tended to drive on the left- 
hand side of the road, to remain on that side for relatively long 
periods — that is, with relatively little ‘wobble’ – and rapidly to 
correct swings to the right by moving back to the left once more. 
The effect of alcohol appears to be to produce a shift of the mean 
driving line from the left towards the crown of the road (p — 
0-01). With increasing dosage there is an increasing swing or 
‘wobble’ about this new, more central position (р < 0:01), 
together with a tendency to tolerate swings to the right but 
rapidly to correct swings to the left (p < 0:01). There was, 
furthermore, greater variability in the positioning of the car in 


negotiating a corner (p < 0-01). 


Effect of alcohol on speed 

In this experiment there were no clear-cut group effects on speed 
of driving. Mean driving speeds are insignificantly different for 
all doses. Variability in speed around a mean shows a tendency 
to rise and fall through time with blood alcohol rise and fall, but 
this again is not significant. It is possible that the large effect of 
practice on speed is camouflaging any alcohol effect for the group. 
Changes in speed of driving after alcohol were found to be closely 
related to personality characteristics. These are discussed below. 
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Effect of alcohol on steering-wheel movement 


Like error, steering-wheel movement increases progressively as 
blood alcohol increases. The regression of amount of change of 
steering-wheel movement on blood alcohol is shown in Figure 
4. This regression is linear and is highly significant (p< 0-001). 
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Figure 4 Regression of steerin: 


g-wheel movement on blood alcohol 
level. Each point is the mean 


of eighty paired values 
There is also a decrease in the consistency of steering-wheel 
movement after alcohol (p < 0:01). The decrease in consistency 
appears to be due to a greater variability in the timing of re- 
sponses to a corner. 

As might be expected, the amount of steering-wheel movement 


is related to the amount of tracking error made. The relationship 
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is U-shaped, such that there is an optimum amount of movement 
for controlling the car, both less and more movement resulting in 
increased error. Following alcohol there is an increasing tendency 
to make either too little or too much movement in negotiating a 
particular corner, though the predominant effect is to make too 
much. 


Individual Differences in Response to Alcohol 


Although the latin square design used makes comparison of the 
performances of individuals difficult, certain features nevertheless 
emerge. There is undoubtedly a considerable range of individual 
variation in response to alcohol. This is summarized in Table 2 


Table 2 


Number of Subjects Showing Different Percentage 
Change in Scores After Alcohol (Dose 4) 


Measure Percentage Change of Score 
Decrease Increase 
yh a ЖАИЫ Шы O qe e o ——— 
250 —40 —30 —20 —10 +10 +20 +30 +40 +50 +60 +70 


Error 1 0 2 2 5 10 12 4 2 2 - — 
Steering-wheel 

movement = — — 3 ЗВ 3 = — 1 
Time — — 5 11213 52 — — — — 


س د 


which gives the number of subjects changing their score after 
alcohol by varying amounts. The changes are expressed as per- 
centage change from their own no-alcohol score. Tracking error 
shows a wide scatter. Though the distribution is fairly heavily 
skewed towards increased error after alcohol, ten of the forty 
subjects showreduced error, one as much as 50 per cent reduction, 
This subject, however, showed also one of the largest reductions 
in speed and achieved a high degree of accuracy by driving 
extremely slowly. Time scores, on the other hand, are distributed 
fairly normally around the ‘no change’ position. 

An attempt has been made to relate these individual differences 
in response to alcohol to various personal characteristics, No 
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relationship was found between response to alcohol and differ- 
ences in initial level of skill, previous driving experience, age, 
sex or drinking habits. The subjects varied widely in their initial 
level of skill and in previous driving experience, so the lack of 
relationship between these variables and alcohol effect may be 
stated with some confidence. The range of drinking habits, 
however, was small, so that the comparison was between the few 
individuals who drank once or twice a week and those who drank 


very rarely. The range was therefore too small to draw con- 
clusions on the lack of relationship. 


tracking error (5-min meas.) 
M 
E 


min after ingestion 


9— — — extravert dose 4 
9— — — extravert control 


"O introvert dose 4 
Ф introvert control 
Figure 5 Comparison of the tracki 


ng error of extraverts and introverts 
under no alcohol and dose 4 conditions (extraverts, n = 7; introverts, 
n=9) 


Scores obtained, for thirty-five subjects, on the extraversion 
scale of the Maudsley Personality Inventory were well distri- 
buted. The mean was 10-24 (sigma 4-53) as compared with the 
standard norm of 10:94 (sigma 4-74). Performance scores were 
compared for a group of subjects Scoring high in extraversion 
and a group scoring low. Figure 5 shows the mean differences 
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in tracking performance between the resulting seven extraverts 
and nine introverts. The extravert group made more error 
(p < 0:05), were less consistent in car positioning (p < 0-05), 
and showed a bigger increase in error during each period of 
driving (p < 0-01). The effect of alcohol on error was greater 
for the extravert group (p < 0:05), the extraverts having an 
average increase of 23 per cent and the introverts of 6 per 
cent. 

The extraverts responded to alcohol in a similar manner, but 
the introverts showed more varied responses. For example, the 
extraverts all increased their tracking error after alcohol, whereas 
two of the introverts made less error. This is especially clearly 
shown in the effect of alcohol on speed of driving. The extraverts 
showed very little change of speed after alcohol, but the intro- 
verts changed considerably. The nearer the introvert end of the 
scale they were, the more speed changed. They subdivided, how- 
ever, into two distinct groups, one of which speeded up very 
considerably and the other slowed down. It has not so far been 
possible to relate this to any personal characteristics. Figure 6 
shows the regression of change of speed on extraversion- 
introversion as measured by the Bernreuter Neurotic Inventory. 
This regression is linear and is significant at the 5 per cent level. 
Comparing those scoring more than 50 on the Bernreuter with 
those scoring less than this in terms of whether they change 
speed by more or less than 8 units gives # significant at better 
than 0-01. It would appear that personality characteristics — at 
least those of the extravert-introvert dimension — are related to 


the effects of alcohol. 


Discussion 


It is now generally agreed that a relationship exists between the 
concentration of alcohol in the blood and the appearance of 
clinical signs of intoxication. The definition of intoxication based 
on clinical evidence is, however, a variable one. Lijestrand 
(1940) gives evidence of a considerable variation in diagnoses 
made by different clinicians on people who all had blood alcohol 
concentrations between 100 and 150 mg per 100 ml. Moreover, 
the range of blood alcohol concentrations at which people are 
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Figure 6 Regression of change of speed after alcohol on extravert— 
introvert score. Each point plotted is the mean of five subjects 


judged intoxicated is very wide. Goldberg (1951) has shown that 
the level at which 50 per cent of people are judged clinically to be 


intoxicated varies with the legal definition in different countries. 


In America it has been defined by the National Safety Council as 
150 mg per 100 ml in Sweden it is 100-120 mg per 100 ml, and in 
Denmark and Norway 80 mg per 100 ml. 

The level of alcohol in the blood at which people are diagnosed 
clinically to be intoxicated, besides being variable, tends to be 
high in comparison with the concentrations used here. This is 
not surprising, since an estimate of impaired behaviour is made 
in the absence of any criterion of normal behaviour for that 
individual, so that the impairment must be obvious before it is 
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detected, and since it is known that people can compensate for 
their reduced efficiency over the short periods of time during 
which they are examined. It does not follow, however, that, be- 
cause no impairment is found in clinical tests, more complex 
skills, like driving, will also be unaffected. 

The present study shows that performance begins to deterior- 
ate with very low blood alcohol concentrations, certainly of the 
order of 20-30 mg per 100 ml, and that the deterioration is 
progressive and linearly related to blood alcohol level. There is, 
in this study, no evidence of a threshold effect. 

The impairment of performance was shown most clearly in 
the operation of the controls. As the aim of the task was pri- 
marily to track, it is perhaps not surprising that in attempting 
to retain a level of accuracy the operation of the steering-wheel 
should be most affected. Efficiency in using the steering-wheel is 
indicated by the amount of tracking error which results. With 
practice the amount of steering-wheel movement made goes 
down without a reduction in the accuracy of tracking, whereas 
after alcohol tracking error increases despite an increase in 
steering-wheel movement. This suggests that timing of the steer- 
ing-wheel movement was upset. The decrease in consistency of 
the movements required to negotiate a corner supports this view. 
The importance of timing of control movements in a complex 
skill has been stressed previously by Bartlett (1943), and adverse 
conditions such as fatigue have been shown to have a marked 
effect on timing (Drew, 1942; Russell Davis, 1948). 

The work of Cohen, Dearnaley and Hansel (1958) is interest- 
ing additional evidence. While the task used in this present study 
reasonably reflects the tracking aspect of driving, it is almost 
completely free of hazard and risk taking. These authors have 
shown that an amount of alcohol not much larger than the big- 
gest dose used in this experiment produced a significant increase 
in the hazards in which drivers became involved. From the two 
studies it is reasonable to assume that not only will drivers 
become involved in greater hazards with this amount of alcohol 
but they will be less efficient in dealing with them. 

It is suggested, furthermore, that the results reported here show 
that the level of alcohol in the blood is a good indicator of the 
extent of impairment of performance. It may be pointed out that 
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the blood alcohol levels reported by Cohen et al. (1958) seem sur- 
prisingly low. Assuming their drivers to weigh rather more than 
11 st (70 kg), on average, their two doses correspond fairly 
closely to the smallest and biggest used here. Their blood samples, 
however, would appear to have been taken almost 2 hr after 
subjects began to drink. If this is so, the blood alcohol levels 
correspond very closely to those found here. They report a con- 
centration of 4 mg and 58 mg per 100 ml for the two doses. At 
2 hr comparable figures in this experiment were 6 mg and 62 mg 
per 100 ml. 

While this in no way affects the conclusions reached by these 
authors about the effect of such doses on performance, it does 
affect their discussion about ‘safe’ levels of blood alcohol. At 
the time of the tests the blood alcohol levels in their drivers 
would almost certainly be at least 10-20 mg per 100 ml higher 
than those reported. Even so, their experiments, and these, suggest 
a marked impairment of performance on such tasks with blood 
alcohol levels of 60-80 mg per 100 ml. 

In view of the known difficulty of clinical estimates of impair- 
ment in such situations and of the individual's capacity, if he is 
capable of realizing that he is under test, to compensate tem- 
porarily for loss of efficiency, estimation of blood alcohol level 
would seem the most direct way of assessing impairment, Esti- 
mation of the alcohol excreted in urine and in breath allows a 
close approximation to blood alcohol. In these experiments, 
urine alcohol agreed very closely with blood alcohol, Breath 
analysis, which has enormous administrative advantages over 
both blood and urine analysis, can, from these results, given a 
suitable instrument, also give a very close approximation. 

It would seem fairly clear, from these results, that the efficiency 
with which a task like driving is performed is likely to decrease 
progressively as blood alcohol rises. At some Point the loss of 
efficiency is likely to be large enough to constitute a danger in a 
practical driving situation. As this experiment has been carried 
out in a laboratory, necessarily free of the hazards and many of 
the motivating features of a real-life situation, it is not possible, 
from these results, to say at what level of blood alcohol the in- 
creased risk of accident would become unacceptable. Some 
evidence on this is available from the experience of the U.S.A., 
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Denmark, Norway and Sweden, where rather different cut-off 
levels are used. 

Individual differences in response to alcohol appear to be 
related, at least in part, to personality characteristics, especially 
those of extraversion-introversion. Eysenck (1953) has collected 
the evidence for the existence of this dimension of personality 
and has postulated (Eysenck, 1957a) that extraverts would be 
more susceptible to the effects of depressant drugs like alcohol, 
The extraverts in this experiment behaved as a group, and tend 
to confirm Eysenck's hypothesis. The introverts do not behave 
as a group. It is of interest that all the scales used agreed on the 
extravert end but did not agree on the introverts, It is possible 
that the almost bimodal effect noted on change of speed for 
introverts reflects the intrusion of some other personality char- 
acteristic not tested in this experiment. The test which showed 
this bimodal effect most clearly was the Bernreuter, which uses 
a more ‘neurotic’ criterion of introversion than the Maudsley. 

In this experiment extraverts appear not to be bothered by the 
extra stress imposed by alcohol. They drive at much the same 
speed as before, make very little additional corrective move- 
ments, but make much greater error, are less consistent, and 
deteriorate more rapidly during 20-min driving periods. Intro- 
verts, on the other hand, appear to be striving to compensate for 
the alcohol effect, and to be anxious to demonstrate their effi- 
ciency. They over-react to the situation, make more corrective 
movements of the steering-wheel, and change their speed 
markedly. Some slow right down, presumably in an attempt to 
achieve accuracy, though they do not necessarily do so, while 
others appear to be attempting to demonstrate how quickly they 
can drive, again not always with a proportionate loss of efficiency, 


Summary 
An experiment has been carried out to investigate the effects of 
small doses of alcohol on a complex skill. 

Four alcohol doses and a placebo dose were used. The peak 
blood alcohol concentrations from the doses were approximately 
20, 40, 60 and 80 mg /100 ml of blood. 

Urine and breath analyses were compared with direct blood 
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analysis. Urine alcohol peaked later and higher than blood, 
but breath alcohol followed blood alcohol in time. The ratio of 
urine alcohol to blood alcohol was 1-252 : 1. 

Three kinds of breath-testing apparatus were used. Best results 
were obtained from the * breathalyser^. The others either showed 
high constant errors or were unreliable. The results from the 
breathalyser were good enough to warrant its consideration from 
à practical point of view. 

Mean error showed an increase, with increase in blood alcohol, 
amounting to about 16 per cent deterioration with a blood 
alcohol concentration of some 80 mg/100 ml. Part at least of the 
increase in error is to be explained by a significant tendency for 
subjects to move towards the right-hand side of the road after 
alcohol and also by less consistent positioning. Error scores and 
control movement scores also showed à variation in time, rising 
and falling in a way similar to that of blood alcohol. 

Mean speed showed no significant change, but marked in- 
dividual differences in Speed after alcohol were found. 

Control movements, as measured by steering-wheel move- 
ment, showed significant increases and a significant reduction in 
consistency. 

Age, sex, previous driving experience an 
habits, within the limits available, showed 
vidual differences in response to alcohol. 

Personality ratings, especially those relating to extraversion- 
introversion, showed a definite relation to behaviour changes. 
Extraverts did not change either speed or control movements 
very much, though they were less consistent in control move- 
ments, but showed large increases in error. Introverts changed 


speed considerably, though it is not Possible to differentiate 
between those who slowed do 


Control movements also increa: 


d previous drinking 
no relation to indi- 
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Appendix. Average Scores for Various Aspects of the 
Tracking Task, After Each Alcohol Dose 


Performance Variable Dose 0 Dosel Dose2 Dose3 Dose 4 


Tracking error 227 230 235 246 246 
Kerb bumpings 209 255 350 260 359 
Inconsistency in 

tracking 482 5:08 5:63 5:78 5:53 
Тіте рег Іар 403 390 386 393 398 
Steering-wheel 

movement 674 673 690 708 764 


Inconsistency in 


steering-wheel 
movement 3:61 3-51 3-61 403 415 
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Changes in Speed of Performance with Age and Their 
Industrial Significance 


A. T. Welford, ‘Changes in the speed of performance with age and their 
industrial significance’, Ergonomics, vol. 5, 1962, pp. 139-45. (Incorporating 
the author’s amendments to Figure 2.) 


1. Introduction 


The approach customarily adopted to the question of how people 
can best be employed in later years is to look at the work which 
older people tend to do at present and to consider ways and 
means whereby certain jobs can be earmarked for them and they 
can be eased into these jobs when their present work proyes to 
be beyond their capacities. Such an approach has several obvious 
disadvantages both for older workers themselves and for indus- 
try, and for some years past the need has been recognized for 
the alternative approach of considering the characteristics of 
older people and of jobs in the same terms, of pinpointing 
features of jobs which cause trouble as age advances and of 
trying to modify the jobs accordingly. Such an approach is un- 
doubtedly difficult, but researches over the last 15 years have 
brought us to the point at which a number of changes with age 
and their implications for modification of jobs seem fairly clear. 
The purpose of the present paper is to consider one of the most 
important of these, namely, s/owing of performance, and to point 
to some of its ramifications and industrial consequences. 

With increasing age slowing is found in the performance of 
many tasks, and a considerable research effort had been made to 
ascertain its nature and locus within the chain of processes lead- 
ing from the sense organs through various central mechanisms 
to the effectors. While much remains to be done, it is clear from 
what has been achieved so far that several different mechanisms 
are involved. It is therefore an understandable question to ask 
whether slowness should be regarded as a single unitary pheno- 
menon of ageing, or whether a number of distinct types should be 
recognized. It may be said at once that studies comparing the 
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same individuals at several tasks have suggested that age changes 
in different performances are correlated. How far there are 
genuinely unitary factors underlying the various changes, and 
how far the correlations are merely due to a concurrence of 
several discrete factors, is not at present clear. Discrete factors 
must, however, be of substantial importance since the correla- 
tions are usually rather small unless the tasks are closely related 
(Birren and Botwinick, 1951; Césa-Bianchi, 1955; Goldfarb, 
1941; Pacaud, 1960). 

Experiments, comparing performances at several related tasks 
having different degrees of difficulty, have shown three rather 
distinct patterns of slowing with age. In some, the extra time 
taken by older subjects could be represented by the addition of a 
constant to the time taken by younger people for both simple and 
more difficult tasks. In others, the times taken by older people 
have risen in fairly strict proportion. In yet others older subjects 
have taken quite disproportionately longer over the more difficult 
tasks, 

Obviously these three patterns have different implications for 
the placement of older people in industry. With the first, the 
relative slowing with age is least for the most difficult tasks, with 


the second it is equal for all tasks, and with the third it is least 
for the easiest tasks. 


2. Constant and Proportional Increases of Time 


An important clue to the definition of the conditions producing a 
constant as opposed to a proportional increase is contained in 
an experiment by Botwinick, Brinley and Robbin (1958). Pairs 
of lines were exposed side by side in a tachistoscope, the longer 
(xı) always 80 mm and the shorter (x;) from 1:32 to 20 per cent 
less. The longer line was in half the presentations on the right 
and in half on the left. The subject had to say which line was 
longer as quickly as possible. The experiment was tried under 
two conditions: one with an exposure of 2 s so that on virtually 
all occasions the lines remained on view until after the subject 
had given his judgement. In the other condition the exposure was 
only 0-15 s. 

The results are shown in Figure 1. The 20 per cent points need 
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Figure 1 Example of constant and proportional rises with age of time to 
perform a discrimination task. Data of Botwinick et a/. (1958). The times 
are plotted against an “information ' formula (see Welford, 1961). 


Results are indicated as follows: 


0 `1 


аде гапде 65—79 65—79 18-35 18-35 
exposure time (5) 2:00 0-15 2:00 0-15 
symbol о Е ө х 


Each point is the mean of the medians of thirty-four older or twenty-six 
younger subjects. The medians were each based on eight readings 
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not concern us: it was clear from a previous experiment by Birren 
and Botwinick (1955) using the same apparatus but presenting 
differences of up to 50 per cent, that points from 20 per cent 
upwards fall above any regression lines which are a reasonable 
fit to the points from 1-32 to 10 per cent. Birren and Botwinick 
found that the reaction times for differences of 15 to 50 per cent 
were all approximately equal, suggesting that when discrimina- 
tion is very easy, reaction time is determined by the time needed 
not for discrimination but for choice of which response to make. 

Turning first to the points for the 2-s exposures, it can be seen 
that the regression lines for the two age groups meet approxi- 
mately at the zero line: the age difference can be described as a 
difference of slope from a common origin, i.e. as proportional. 
Reaction times with the 0-15-s exposures are all shorter than with 
the corresponding 2-0-s exposures and, surprisingly, show no 
difference of slope with age: the age effect is a constant added to 
the times taken by the younger subjects. Since all the conditions 
except length of exposure were the same under the two conditions, 
it seems clear that the change from one age effect to the other 
was due to a change from long to short exposure. 

We can only speculate on the reason why the different condi- 
tions of exposure affected the age effect in the ways they did, but 
we may note that the constant extra time taken by older subjects 
with short exposures cannot have been spent in making the 
choice of response, since this would have raised the time required 
by older subjects for easy discriminations but left more difficult 
ones unaffected. The age effect must therefore have been in some 
process of receiving the signal prior to the discrimination of 
longer from shorter. With brief exposures, once the signal had 
been received, there seems to have been no difference between 
older and younger in the speed of discrimination, but the 
accuracy achieved with the more difficult discriminations was 
very poor for both age groups. With longer exposures accuracy 
was much greater and we may therefore Suppose that, when the 
signal remained on view, subjects collected further data from it 
with a view to greater accuracy. If so, the collection of this extra 
data appears to have been proportionally slower among the 
older subjects, but to have overlapped with the time taken to 
receive the signal so that it masked the constant rise of time 
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shown with short exposures. The same two distinct patterns of 
results have also been shown in experiments by other authors 
for choice reaction times with varying degrees of choice, and for 
making tapping movements between targets of different sizes at 
different distances. In each case the hypothesis appeared reason- 
able that the age effect is a constant rise of time if action has to 
be taken on data gathered in a brief glance, and a proportional 
rise if action follows a more prolonged inspection (for a review, 
see Welford, 1961, and for a direct test on a slightly different 
type of task, Griew, 1959). 

Both types of slowing may reasonably be explained in terms of 
the theory put forward by Crossman and Szafran (1956) and by 
Gregory (1959) that signals to the brain from sense organs and 
within the brain itself have to exert their effects against a back- 
ground of ambient, random neural activity (neural noise’). This 
makes it necessary to ‘sample’ a signal over an appreciable 
period (albeit a fraction of a second) for it to be distinguished 
from the ‘noise’. Various neurological changes in the brain and 
falls in the sensitivity of the sense organs, such as are known to 
occur in older people, would tend to lower the signal level, and 
suggestions have been made by the authors mentioned that 
ambient ‘noise’ level tends to rise with age (see also Axelrod, 
1960). In either case the signal-to-noise ratio would be lowered 
and the information transmission capacity thereby reduced. 


3. Disproportionate Increases of Time 

s of performance time with age have so far 
of task. The first of these is where a 
f actions is required. It may be illus- 


Disproportionate rise: 
been shown for two types 
fairly complex sequence О 
strated by two examples: 


1. Clay (1954, 1957) required subjects of different ages to place 
numbered counters on chequer boards to add up to given mar- 
ginal totals on both rows and columns simultaneously. She found 
the times to rise a little with age оп а board with 3 x 3 squares 
and progressively more with larger boards up to 6 x 6, The 
results were complicated by the fact that times suddenly fell 
again in later age ranges accompanied by an increase of errors, 
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but this appeared to indicate that when problems became ех- 
cessively difficult, older subjects realized early that they would 
not be able to complete them satisfactorily and ‘gave up’. 


2. Several experiments have shown disproportionate slowing 
with age when complications are introduced into the relation- 
ships between display and control. A simple example is when 
actions are guided by a display seen in a mirror as opposed to 
one seen directly (Szafran, see Welford, 1958). Perhaps the most 
striking demonstration, however, is in a set of five tasks studied 
by Kay (1954, 1955). All these used a box containing a row of 
twelve light bulbs and a corresponding box of twelve keys. The 
Subject’s task was to press the corresponding key as quickly as 
possible when a light came on. The arrangements of box and keys 
in the several tasks were as follows: 


A. Each light was immediately above its corresponding key. 


B. The same as A, but with the box of lights set 3 ft away across 
the table from the box of keys, so that in order to relate light to 
key the subjects had to align across a 3-ft gap. 


С. The same as В, but with the lights related to the keys by means 
of a number code instead of by straightforward spatial corre- 
spondence. Subjects had to imagine the lights as numbered and 
to find the number of the light on a card bearing the numbers 
1-12 in random order and placed immediately above the keys. 


D. The same as C, but with the card placed mid-way between the 


lights and keys, so that subjects had both to use the number code 
and to align across a 14-ft gap, 


E. The same as C, but with the card by the lights, so that both use 


of the number code and alignment across a 3-ft gap were required. 


The disproportionate rise of time with age as the tasks became 
more difficult, which is shown in Figure 2, is very striking, The 
pattern of errors was similar so that there is no question of the 
older subjects having been slower because of having been more 
accurate. 

Two points should be noted about both these examples. Firstly, 
the times include time taken to correct errors and are of a quite 
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as difficulty of task increases. The times for older age groups rise more 
steeply as the tasks become more complex (from Ato E). Data from 

Kay (1954, 1955). Each reading for tasks A and B is based on thirty 
responses by ten subjects in each age group (fourteen in the 55-64 age 
group). Each reading for tasks D, E and F is based on twenty responses 
by the same subjects. For tasks A and B the points of the 15—24, 25-34, 
35-44 and 45-54 age groups are virtually identical and have not been 
distinguished. 
The tasks are plotted at such distances along the abscissa that the 
performance times for the youngest age groups fall on a straight line. If 
the increase in the performance time with age was linear, the times for 
the other age groups would also fall on straight lines. If, however, the 
times increase in an accelerating manner the curves for the higher age 
groups will be concave upward, as indeed they are 


Figure 2 Example of an accelera 
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different order from those of reaction time experiments; and 
secondly, difficulty in both types of task appeared to depend upon 
failure with age in some form of short-term retention. This is 
known on other grounds to become more liable as age advances 
to disruption from other activity by the subject during the 
period of retention (Cameron, 1943; Kirchner, 1958). The main 
cause of difficulty in Clay’s tasks lay in correcting errors. Since 
the total of the counters provided was the same as that of all 
the rows (or columns), each error made at least two rows or 
columns wrong. Correcting an error thus involved finding a 
row or column which was wrong and remembering which it was 
until another which was also wrong was found and an exchange 
of counters worked out to correct both. Subjects, especially the 
older ones, tended to forget the first while searching for the 
second, or one counter while checking another. In Kay’s more 
complex tasks D and E the older subjects tended to find the ‘rule 
of translation’ from light to key difficult to ‘carry’ while actually 
performing the task, and most of their errors appeared to be due 
to attempts (probably unconscious) to simplify the task to that of 
conditions B or C. The laboratory results seem to be reflected in 
the industrial findings by Murrell, Griew and Tucker (1957) 
that older people tend not to be working on the most complex 
skilled jobs, and by Murrell and Tucker (1960) that they tend to 
be under-represented on jobs which demand the following of 
elaborate instructions, Certainly the laboratory results suggest 
that very substantial advantages are likely to accrue to older 
people from building devices into machines to obviate the need 
for short-term memory, and from simplification of layouts and 
procedures: just as adding one complication to another has a 
disproportionately adverse effect for older people, so any 
simplification is likely to be disproportionately beneficial. 

The second kind of disproportionate slowing with a 
entirely different nature. It is not a matter of longer 
the appearance of a signal to the taking of appropri 
but of the length of time for which material has to 
for accurate identification to be achieved. Wallace ( 
example, found that in order to identify designs an 
seen in a tachistoscope, subjects in their sixties re 
exposure about six times as long as did those in the 
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when material was very simple, and up to about twenty times 
as long with more complex material. The types of wrong identi- 
fication made in a number of experiments when exposure was 
inadequate, or conditions of viewing otherwise difficult, suggest 
that older subjects tend to be unduly bound by their immediate 
associations and therefore search in an unduly restricted area of 
possible identifications for any object presented (Korchin and 
Basowitz, 1956; Verville and Cameron, 1946; O'Doherty, see 
Welford, 1958). The corollary of this is that they are often unable 
to keep separate objects which need to be treated separately but 
are placed in close spatial contiguity (Axelrod and Cohen, 1961; 
Clay, 1956). Both facets of this problem emphasize the import- 
ance for older people of good layout of items such as control 
panels, keeping items which are functionally related close to- 
gether and separated from other items. They also point to the 
need for clear and logical presentation of data in such a way that 
each item leads on from the last with as few major leaps as 
possible from one class of item to another. 


4. Effects of Slowing 


The causes of various types of slowing with age appear to be very 
different, and it is in a sense artificial to bring them together. 
From the industrial point of view, however, they share a number 
of implications in common. 

The direct effects of slowness with ageare thatolder people tend 
to drop out of work which makes severe demands for speed or 
fine visual discrimination. It is now becoming recognized that 
because of such demands much light work is less suitable for 
people over the age of fifty than many moderately heavy jobs. 
This is understandable in view of the fact that declines of speed 
from the twenties to the sixties in continuous tasks studied in the 
laboratory are usually about 50 per cent or more, whereas 
declines of muscular strength between the same ages are, on 
average, only about 25 per cent (Fisher and Birren, 1947). 

Slowing with age has also a number of indirect effects which 
appear especially when performance is carried out with some 
actual or implied time limits. Often the first sign of slowing at an 
industrial job is that a man works more continuously, taking 
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fewer short rests for a smoke or conversation. More severe cases 
may result in items being missed or in hurrying which leads to 
errors and perhaps to chronic feelings of being harassed. An 
interesting effect of slowing is the tendency, sometimes conscious 
but often quite unconscious, to simplify the task being done: one 
example has already been noted in Kay’s experiments, another 
has been shown by Griew and Tucker (1958) who found older 
workers to use fewer of the displays on the machines they were 
operating, and to look at those they did use for a shorter time in 
spite of the fact that they were working more continuously than 
younger men. 

By far the most important factor tending to mitigate the effects 
of slowing with age is increased experience, which can provide 
ready answers to problems which might otherwise have to be 
thought out from scratch and, even more important, build up 
routines of action and the ability to recognize sequences in events. 
The ‘coding’ of sequences of events and series of actions greatly 
lightens the load of decision: instead of Separate decisions being 
required about each detailed event or action, the perception of 
one event enables several others to be assumed, and short pro- 
grammes of action can be initiated as singl: ‘units’, Coding of 
this kind has the danger that the ready-made sequ 
routines may not be entirely appropriate to particular situations, 
and that over-use of them may lead to ‘rigidity’ and lack of 
adaptability. They do, however, scem to be an important means 
of handling situations on a large scale and essential to all except 
the simplest conceptual thought. A possible method of avoiding 
rigidity in some cases was suggested in a chance remark made 
recently to the writer by an eminent management selection con- 
sultant. He had observed in the course of his work that ability to 
adapt in later middle age seemed to be better among businessmen 
than among those engaged in industrial management. It seems 
fair to argue that those in commerce and trade tend to have much 
more immediate and definite knowledge of the results of their 
actions than do those in higher industrial management, It has 
been known for a long time in laboratory studies that know- 
ledge of results given quickly after an action improves both 
accuracy and willingness to exert onself. We may reasonably 

suppose that routine would often be less rigidly followed if clear 
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evidence of its inadequacy was forthcoming in time for modifica- 
tion to be made, and that such evidence would make those con- 
cerned much more ready to look for the need for change. 

One of the difficulties of applying ergonomics in industry is 
that many of the demands of industrial work do not normally 
stretch a man’s capabilities to an extent which causes obvious 
breakdown or impairment of performance. They may, however. 
come near to doing so and thus cause strain, dissatisfaction Anh 
sometimes, accidents. Older people, having less margin of 
capacity in hand, are likely to show the onset of undue demand 
more clearly than younger and thus make easier the identifica- 
tion of points about a job which are in need of attention. If so, 
the ergonomics of ageing is not an ‘extra’ or speciality to be 
added to other studies of industrial work by human biologists. 
Rather it is the avenue through which initial approaches can with 


advantage be made. 
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Personality Assessment Ed. Boris Semeonoff (2nd edn) 


Psychology and the Visual Arts Ed. James Hogg 
Thinking and Reasoning Ed. Р. С. Wason and P. N. Johnson-Laird 
Verbal Learning and Memory Ed. Leo Postman and Geoffrey Keppel 


Published simultaneously with Skills: 


Perceptual Learning and Adaptation 
Ed. P. C. Dodwell 


- While indicating the origins of the problem of perceptual learning 
in the Empiricist-Nativist controversy, Professor Dodwell in his 
selection of Readings shows how to a considerable extent 
psychologists have unravelled the tangled threads of the subject. In 
doing so he illustrates the importance of perceptual learning for 
comparative, developmental and cognitive psychology. These areas 
are represented by the work of Tinbergen, Hebb and Riesen on early 
experience in animals, and by Piaget and Fantz in children. Detailed 
theoretical considerations are also included, amongst them important 
papers by the Gibsons, Postman and Selfridge. 


Penguin Modern Psychology Major Texts 


Behaviour Therapy 
Victor, Meyer, and Edward S. Chesser 


A thorough, balanced account of the theory, practice and 
effectiveness of behaviour therapy. This form of treatment, derived 
from experimental psychology, plays a growing role in the treatment 
of many illnesses, such as phobic anxieties, alcoholism, sexual 
deviations, stammering, tics and enuresis. Its techniques have at 
times also been successfully employed in psychoses, psychosomatic 
disorders, obsessional neuroses and childhood behaviour disorders. 

After a brief introduction to psychiatric disorders for readers 
unfamiliar with clinical psychiatry, chapter 2 gives a full account of 
the relevant theories of conditioning and learning, and chapter 3 
considers how well experimental psychology can account for 
psychiatric disorders. Chapter 4 reviews the main methods of 
treatment in behaviour therapy such as desensitization, aversion 
therapy, ‘flooding’ or implosive therapy, and operant conditioning, 
while chapter 5 looks very carefully at the empirical evidence for the 
effectiveness of these methods. After two chapters that offer a 
wide-ranging view of current research, chapter 8 confronts the 
practical world of the clinic — the problems that arise in the selection 
of patients, selection of symptoms to be treated, method of 
treatment, selection of therapist and in the conduct of treatment. 

* An attempt is made’, the authors explain, ‘to discuss these topics 
in a constructive manner based on our experience with a variety of 
behaviour therapy methods employed in the treatment of 150 
patients, the majority of whom were suffering from psychoneurotic 
disorders with a preponderance of phobic anxiety states.’ 

A short conclusion looks to the prospects of treatment and 
research in behaviour therapy units. 

This text should be of interest to those already engaged in clinical 
practice or research and those undergoing training who may choose 
to enter this field. It should therefore be of value to those training or 
practising in clinical psychology, psychiatry, psychiatric social work 


and occupational therapy- 


Introducing Psychology: 
An Experimental Approach 


D. S. Wright, Ann Taylor, D. R. Davies, W. Sluckin, S. G. M. Lee 
and J. T. Reason 


The authors select a number of the main problem areas in 
psychology and deal with them in some depth. These include the 
biological determinants of behaviour, the analysis of perceiving, 
remembering and thinking, the structure of intelligence and 
personality, and the social influences which shape behaviour. After 
an introductory Part One on the Scope of the book and on 
observational and experimental method in psychology (‘the 
strongest unifying bond of the present book ?), Part Two relates 
heredity, maturation and physiology to behaviour, A discussion of 
perceptual processes is followed by chapters on the effects of early 
experience, learning Processes, the development of skills, and 
remembering. This last chapter leads on to the discussion of 
symbolic processes, which is the concern of the chapters on 
language and thinking in Part Four. In Part Five the authors 
explore methods of measuring individual differences, and discuss the 
notions of intelligence, personality and normality. In Part Six a 
chapter on some mechanisms of social influence describes recent 
work, in which basic principles of learning have been extended to 
the two-person situation. This is followed by a review of certain 
aspects of socialization, and the book ends with a chapter on 
persuasive communications and the determining influence of group 
membership upon an individual’s behaviour. 

Clear illustrations, an extensive bibliography (keyed back to page 
dex complete the volume. Here for 
t of allied subjects is an 
to the challenges of the subject. For 
thors’ readability, their 
concentration on method, and their emphasis on key concepts and 
problems make Introducing Psychology a thoroughly useful 


companion, not just for the first year, but for much of the degree 
course. 
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Penguin Science of Behaviour 
A series of short unit texts 


Assessment in Clinical Psychology 
С. E. Gathercole 


The Beginnings of Modern Psychology 
W. M. O'Neill 


Brain Damage and the Mind 
Moyra Williams 


Disorders of Memory and Learning 
George A. Talland 


Feedback and Human Behaviour 
John Annett 


Listening and Attention 
Neville Moray 


On the Experience of Time 
Robert E. Ornstein 


Pathology of Attention 
Andrew McGhie 


Personal Relationships in Psychological Disorders 


Gordon R. Lowe 5 


Psychometric Assessment of the Individual Child 


R. Douglass Savage 


Teachers and Teaching 
A. Morrison and D. McIntyre 


Vigilance and Attention: 
A Signal Detection Approach 


Jane F. Mackworth 


Vigilance and Habituation: 
A Neuropsychological Approach 
Jane F. Mackworth 


Brain Damage and the Mind 
Moyra Williams 


One of the aims of the Penguin Science of Behaviour series is to 
serve both the study of psychology and the needs of workers in 
applied fields. Dr Moyra Williams’s analytical summary of our 
present knowledge of brain damage and the mind precisely fulfils 
this aim. 

The effects of brain damage provide valuable information about 
the working of the healthy mind and also give clues to further 
progress in the clinical field. Dr Williams's survey presents this 
information clearly and usefully under the familiar categories of 
consciousness and mood, memory, perception, motor skill and 
verbal expression, and intelligence and Personality. An interesting 
conclusion offers a tentative model of mental activity. 


Vigilance and Attention: 


A Signal Detection Approach 
Jane F. Mackworth 


In this companion volume to Vigilance and Habituation: 

A Neuropsychological Approach the author concludes her important 

review of performance decrement: *... repetition and monotony 

produce habituation of physiological responses, particularly neural 

Ones . . . as a result of such habituation it becomes increasingly 

difficult for the subject to continue to pay attention . . . he will 

cease to make responses of any kind, right or wrong, or he will 

react more slowly to obvious changes that do attract his attention." 
The human importance of this pioneering review of the interaction 

of physiology and psychology is made very clear by the author: 

*We are faced with vigilance tasks for a greater part of the day than 

we realize. Driving is one example. Operating a calculating 

dless parts for a flaw, even listening to 

eam of patients, all these and many other familiar 

and monotonous tasks may lead to devastating consequences, when 

a small error or failure to catch the small but vital symptom may be 

disastrous.’ 


e 


Penguin modern | 
psychology Readings 
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work, over the whole range of psychological New Zealand $1.7 
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psychology students, to students in other 
social sciences, and for that matter, to the 


educated general reader.’ Times Educational 
Supplement 


Cover design by 
Snark International 


Volumes are selected and edited by leading 
authorities who also contribute General and 
Part Introductions, a Further Reading list 
and Author and Subject Indexes. 


To the psychologist the study of skill 
embraces not only the specialized ability of 
the craftsman or sportsman, but also the 
basic processes involved in the control of all 
voluntary movement. This selection of 
Readings, therefore, deals with such basic 
control processes in skilled performance, LP 
and their growth and integration during the 
learning of a task. Theoretical problems 
felating to the definition and analysis of 

skill are covered, as are applied problems 
such as the effects of alcohol, stress and 
ageing on performance. 


David Legge is Lecturer in Psychology, 
University College, London. 
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